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Abstract 

The  impact  of  nuclear  techniques  as  analytical  tools  for  the  identification  of  atomic  defect 
configurations  is  discussed.  Perturbed  yy  angular  correlation  and  Mdssbauer  spectroscopy, 
similar  to  the  magnetic  resonance  techniques,  obtain  their  local  information  with  respect  to  a 
probe  atom  via  electric  or  magnetic  hyperfine  fields  that  originate  from  the  probe’s 
microscopic  surrounding.  The  strength  of  nuclear  techniques  is  their  ability  of  supplying 
information  on  the  chemical  nature  rather  than  on  the  electrical  properties  of  a  defect.  By 
employing  radioactive  isotopes  low  dopant  and  defect  concentrations  (10^^  cm'^)  can  be 
investigated.  Both  methods  are  qualified  for  the  study  of  individual  dopant  atoms  and  their 
reactions  with  other  defects,  like  impurity  atoms  or  native  lattice  defects.  Recent 
investigations  of  atomic  defect  configurations  in  elemental,  III-V,  and  II-VI  semiconductors 
will  be  discussed. 


1.  Introduction 

Besides  the  electrical  and  optical  properties  of  a  defect,  the  chemical  nature  o^  the 
constituents  and  the  resulting  atomistic  structure  are  of  interest.  In  this  respect,  significant 
contributions  have  been  made  by  "nuclear  techniques",  i.e.  by  techniques  that  arise  from  the 
field  of  nuclear  physics  and/or  use  properties  of  the  atomic  nucleus.  Some  of  the  recent 
results,  particular  those  obtained  by  the  perturbed  yy  angular  correlation  technique  (PAC) 
and  by  the  Mdssbauer  spectroscopy  (MS)  will  be  discussed  in  this  paper.  Thereby,  the  probe 
atoms  are  used  for  watching  the  behavior  of  dopant  atoms,  in  particular,  their  interactions 
with  other  defects.  The  PAC  technique  will  be  emphasized  because  it  is  comparatively  new  in 
the  field  of  defects  in  semiconductors.  The  reader  will  find  several  other  nuclear  techniques  in 
this  conference  which  are  not  discussed  here;  such  as,  muon-spin-rotation,  p-NMR,  or 
positron  annihilation.  -  In  PAC  and  MS  local  information  is  obtained  with  reference  to  a 
probe  atom  which  in  a  PAC  or  in  a  MS  "source"  experiment  is  always  a  radioactive  atom 
whereas  in  a  MS  "absorber"  experiment  a  stable  isotope  is  used.  But,  just  the  use  of 
radioactive  probe  atoms  guarantees  the  often  needed  sensitivity  for  the  detection  of  defects  in 
semiconductors.  Thereby,  the  local  electronic  and  geometrical  structures  about  the  probe 
atoms  are  observed  via  the  hyperfine  interactions  which  results  from  the  interaction  of  the 
electromagnetic  fields  of  the  solid  with  the  nuclear  moments  of  the  probe  atoms.  Thus,  both 
techniques  are  similar  to  the  well  known  ESR/ENDOR  techniques  which  measure  mainly  the 
magnetic  interactions  of  paramagnetic  centers.  For  the  interpretation  of  the  experimental 
results  obtained  with  help  of  radioactive  probe  atoms,  however,  it  should  be  taken  into 
account  that  the  defect  complex  is  formed  with  the  probe  atom  but  the  resulting  hyperfine 
interaction  is  measured,  after  a  p-decay,  at  the  daughter  isotope  which  in  most  cases  is 
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chemically  different  from  the  probe  atom.  We  shall  start  with  a  brief  summary  of  the 
parameters  used  in  both  techniques;  for  more  details  see^’^>^ 

Perturbed  77  Angular  Correlation:  The  parameter  used  for  the  characterization  of  defects  is 
the  electric  field  gradient  tensor  (EFG)  which  is  the  second  derivative  of  the  electrostatic 
potential  of  the  solid.  The  three  components  of  the  traceless  tensor  are  measured  during  the 
radioactive  decay  of  the  probe  atom  which  leads  to  the  nuclear  ground  state  of  the  daughter 
nucleus  via  an  isomeric  state;  this  process  is  associated  with  the  emission  of  two  7  rays 
bracketing  this  isomeric  state.  The  electric  quadrupole  moment  Q  of  this  state  interacts  with 
the  EFG  and  effects  a  spin  dependent  energy  shift  AE  =  hw.  This  energy  shift  modulates  in 
time  the  probability  to  detect  both  7  rays  in  coincidence,  whereby  the  maximum  possible  time 
difference  elapsed  between  the  detection  of  the  two  7  rays  is  determined  by  the  lifetime  of 
isomeric  state.  The  resulting  PAG  time  spectrum  contains  the  following  information:  The 
fundamental  modulation  frequency  is  determined  by  the  strength  of  the  EFG  tensor 
which  is  expressed  via  the  coupling  constant  Vq  =  eQV^.  The  ratio  of  two  modulation 
frequencies  yields  the  asymmetry  parameter  ii  =  (V^-Vyy)/Vj^  of  the  tensor  with  0  <  -n  $  1. 
The  amplitudes  of  the  modulations  are  determined  by  the  fraction  of  probe  atoms  involved  in 
the  defect  complex  and  by  the  orientation  of  the  defect  complex  with  respect  to  the  host 
lattice.  A  possible  relaxation  of  the  amplitudes  is  indicative  of  either  a  distribution  of  different 
EFGs  or  a  change  of  an  EFG  during  the  nuclear  lifetime  of  the  isomeric  state;  the  latter 
process  gives  information  on  dynamic  effects  of  the  defect  complex. 

Mdssbauer  Spectroscopy:  The  parameter  mainly  used  for  the  characterization  of  defects  is 
the  isomer  shift  (IS)  which  is  determined  by  the  electron  density  at  the  site  of  the  nucleus.  The 
associated  energy  shift  AE  offsets  the  energy  E^,  of  the  7  quantum  which  is  emitted  during  the 
radioactive  decay  of  the  probe  atom  and  leads  from  the  isomeric  nuclear  state  to  the  ground 
state  of  the  daughter  nucleus.  This  tiny  offset  can  be  determined  by  the  resonance-like  energy 
dependence  of  the  absorption  probability  when  the  7  quantum  interacts  with  the  identical 
(daughter)  nucleus  that  is  located  in  an  absorber.  The  Mossbauer  spectrum  is  measured  as  a 
function  of  the  Doppler  velocity  v  which  is  used  to  change  the  energy  E^,  by  v/cE^,  in  order  to 
achieve  the  nuclear  resonance  absorption  of  the  emitted  7  rays.  From  the  required  resonance 
velocity  Vjgj  the  defect  induced  IS  is  obtained.  In  a  similar  way,  values  v^^^  are  obtained  which 
result  from  the  energy  shifts  of  a  defect  induced  EFG.  The  area  of  the  resonance  line  is 
determined  by  the  fraction  of  probe  atoms  involved  in  the  respective  defect  and,  via  the 
Debye  Waller  factor  (DWF),  by  the  local  dynamics  of  the  defect  complex.  Because  of  the 
DWF  the  area  of  the  resonance  line  becomes  temperature  dependent  and  decreases  at  higher 
temperatures.  The  width  of  the  resonance  line  plays  the  role  of  the  relaxation  of  the 
modulation  amplitude  in  the  PAG  experiment.  The  lower  limit  of  the  observable  relaxation 
rate  is  given  by  the  inverse  nuclear  lifetime  of  the  isomeric  nuclear  state. 


2.  Passivation  by  Hydrogen  Atoms 

The  electrical  deactivation  of  shallow  acceptors  in  Si,  first  observed  by  Sah  et  al.  in  MOS 
devices'*  and  by  Pankove  et  al.  after  plasma  etching^,  pointed  to  an  interaction  between  the 
acceptor  atoms  and  a  defect  in  Si  which  was  identified  as  the  H  atom,  hitherto.  Here,  a  good 
opportunity  was  offered  to  employ  nuclear  techniques  for  the  analysis  of  possible  reactions  of 
the  acceptor  atoms  on  a  microscopic  scale.  The  alternative  technique,  the  Electron  Spin 
Resonance  (ESR),  that  is  often  used  for  a  chemical  identification  of  a  defect  in 
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question  failed  because  of  the 
absence  of  paramagnetic 
centers,  in  this  case.  Since  the 
observed  passivation  extended 
only  to  a  depth  of  a  few  p,m, 
radioactive  ^^^In  atoms  were 
introduced  at  a  depth  of  0.16 
M-m  by  implantation  with  350 
keV  which  at  the  same  time 
served  as  a  shallow  acceptors 
and  as  a  probe  atom  for  the 
PAC  experiment.  After  having 
annealed  the  implantation 
induced  radiation  damage  and 


Figure  I.  PAC  time  spectra  and  their  Fourier  transforms  measured  at  the  subsequently  etched  the 
probe  atom  ^^hn/Cd  in  Si.  Visible  are  the  different  oscillation  surface  with  a  H  plasma  the 


frequencies  connected  with  the  two  EFGs  that  characterize  the  In-Hl  and  PAC  time  Spectrum  shown  in 
ln-H2pair.  pjg  j  jg  obtained®*^.  It 


unequivocally  shows  the  presence  of  a  defect  at  a  well  defined  lattice  site  of  the  immediate 
neighborhood  of  the  acceptor  through  the  strength  of  the  EFG  which  falls  off  with  the  third 
power  of  the  distance  acceptor-defect  and  through  the  sharpness  of  the  associated  frequencies 
which  are  visible  in  the  Fourier  transform  of  the  PAC  time  spectrum  (Fig.  1  (a),  right). 


frequency  (Mrad/s)  frequency  (Mrad/s) 


Actually,  two  different  EFGs 
are  observed  in  this 
experiment,  as  is  visible  by  the 
presence  of  two  frequency 
triplets,  whereby  for  each 
triplet  always  holds  that  the 
third  frequency  is  the  sum  of 
the  two  lower  ones  (see  also 
Fig.  2,  top  panels).  The  reason 
for  the  occurrence  of  two 
EFGs  will  be  explained  in 
section  5  where  the  dynamics 
of  defects  is  discussed.  The 
here  used  local  acceptor  con- 


Figure  2.  Fourier  transforms  of  PAC  time  spectra  with  the  y  detectors  centrations  ranging  between  1 
oriented  along  <100>  and  <111>  lattice  directions.  The  corresponding  and  5’lO^^cm*^  matches  those 
variations  of  the  Fourier  components  show  the  <111>  orientations  of  the  used  in  the  experiment  by 


three  EFG  tensors. 


Pankove  so  that  a  direct 


comparison  between  the  observed  In-defect  pairing  and  the  increase  of  the  electrical 
resistivity  can  be  made.  Thus,  the  passivation  of  the  acceptor  atoms  is  obviously  accompanied 
by  the  formation  of  close  pairs.  From  the  symmetry  and  the  orientation  of  the  defect  specific 
EFG  tensors  it  is  concluded  that  the  formed  pairs  possess  axial  symmetry  and  are  oriented 
along  one  of  the  four  equivalent  <111>  directions  of  the  Si  lattice.  Fig  2  (left)  shows  the 
results  of  such  an  orientation  experiment:^’^  The  axial  symmetry  of  the  complex  is  obtained 


from  the  ratio  of  the  fundamental  to  the  first  harmonic  frequency  which  for  both  frequency 
triplets  is  1:2.  Then,  the  orientation  of  the  symmetry  axis  is  obtained  from  the  amplitudes  of 
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the  three  frequencies  when  the  77-coincidences  are  recorded  with  the  7-detectors  positioned 
along  different  lattice  directions  of  the  Si  wafer,  here  along  <100>  and  the  strong 

reductions  of  the  amplitudes  of  ihe  higher  harmonics  observed  in  the  latter  case  show  the 
<  111  >  orientations  of  the  formed  In-defect  complexes^. 

Although  the  EFGs  characterizing  different  defect  configurations  are  experimentally  well 
known  within  about  1  %,  an  identification  of  the  trapped  defects  is  not  possible  solely  based 
on  the  EFGs  because  of  the  insufficient  accuracy  of  the  theoretical  calculation  of  defect 
induced  EFGs  in  covalently  bonded  semiconductors.  The  fact,  however,  that  PAC 
measurements  are  feasible  under  a  wide  range  of  different  sample  conditions  still  allows  the 
identification  of  the  defect  in  question  by  a  suited  combination  of  experiments.  Thus,  the 
information  from  the  experiments  by  Tevendale  et  al.^  was  used  to  see  whether  boiling  of  Si 
in  water  would  also  create  the  same  In-defect  complex  that  was  observed  after  the  plasma 
etch.  ITie  PAC  spectrum  in  Fig.  1  (b)  immediately  reveals  the  identity  of  the  formed  In-defect 
complexes.  Thus,  the  presence  of  lattice  damage  possibly  introduced  during  the  plasma 
treatment  is  already  excluded  as  a  source  for  the  trapped  defect.  For  the  final  identification  of 
the  defect,  mass  separated  ion  implantation  at  low  energies  of  about  100  eV  has  turned  out  as 
a  successful  tool  for  it  represents  an  element  specific  doping  procedure  which  almost 
completely  avoids  the  uncontrolled  creation  of  radiation  damage.  The  result  in  Fig.  1  (c), 
obtained  after  implanting  10*“*  H'*'  cm'^  with  200  eV  finally  unmasks  the  trapped  defect  as  the 
H  atom.  As  listed  in  Table  I,  three  different  EFGs  characterize  the  formed  In-H  complex 
pointing  to  different  electronic  and/or  structural  configurations  of  the  formed  complex.  It  is 
visible  from  Fig.  2  (right  panel)  that  also  the  third  EFG  (In-H3)  has  the  same  <111>  axial 
symmetty  as  observed  for  the  other  two  EFGs.  -  Here,  it  should  be  mentioned  that  the 
hyperfine  signature  of  the  trapped  H  atoms  is  very  rich  what  has  turned  out  to  be  typically  for 
the  trapping  of  interstitial  defects  at  the  probe  ^^^In/Cd  in  Si  (see  Tables  I  and  II). 

After  knowing  the  hyperfine 
parameters  of  the  In-H  pairs, 
PAC  can  be  used  to  pursue 
possible  contamination 

pathways  for  the  introduction 
of  H  into  Si.  Three  results  of 
such  investigations,  which  often 
were  obtained  more  or  less 
accidentally,  are  collected  in 
Fig.  3:^  (a)  During  evaporation 
of  a  Pd  layer  on  top  of  a 
Si02/Si  substrate,  needed  for 
the  preparation  of  a  MOS 
contact,  H  was  released, 
0S01001002000  500  woo  1500  possibly  from  the  SiOj  layer, 

ttns)  frequency  (Kfrad/s)  and  diffused  into  the  ^^^In 

,  .  .  ,  .  .  doped  Si  crystal  forming  In-Hl 

Figure  3.  Three  examples  of  unintentional  incorporation  of  H  into  Si 

causing  the  formation  of  In-H  pairs.  Note,  and  Vqj^q  correspond 

to  In-Hl  and  In-H3  in  Table  I,  respectively.  ,  .  . 

implantation  effected  m 

addition  to  the  formation  of  In-Cu  pairs  (see  .section  3)  also  the  formation  of  In-H3  pairs 

(vq^q);  here,  possible  sources  for  the  contamination  with  H  were  water  or  hydrocarbon 


pairs  (characterized  by  Vqj /J. 
(b)  Low  energy  (200  eV) 


. . . . . 
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compounds  adsorbed  on  the  Si  surface.  In  an  electrical  resistivity  experiment,  In-H  and  In-Cu, 
would  be  indistinguishable  because  both  complexes  passivate  acceptors  and  contribute  to  a 
resistivity  increase  whereas  by  PAC  both  types  of  complexes  are  easily  distinguished  because 
of  their  different  hyperfine  parameters.  Also  implantation  of  p-Si  with  Ar^,  Ni"*",  or  Li"*^  ions 
lead  to  the  formation  of  In-H  pairs  in  agreement  with  corresponding  observations  by  Seager 
for  B  in  Si'®,  (c)  The  last  example  shows  that  after  a  shallow  implantation  of  In  with  60  keV 
about  50  %  of  the  In  atoms  were  passivated  by  H  when  the  doped  Si  wafer  was  exposed  to 
humid  air  at  30°  C  for  about  1  day. 

The  reduction  in  the  fraction  of  In-H  pairs 
measured  during  an  isochronal  annealing 
experiment  allows  to  determine  the  thermal 
stability  of  the  In-H  pairs.  Fig.  4  compares  the 
results  for  different  sample  conditions."  From 
the  amplitude  of  the  modulation  in  the  PAC 
spectrum  the  fraction  of  passivated  In  atoms  is 
directly  obtained.  Obviously,  Figs.  4  (a)  and  (c) 
show  quite  different  thermal  stabilities  for  the 
In-H  pairs  which  differ  by  about  100  K.  In  panel 
(a)  the  dominant  traps  are  the  implanted 
radioactive  '"in  atoms  whose  peak 
concentration  is  around  5*  lO'®  cm*^.  because  of 
the  low  trap  concentration  and  with  ihat  low 
probability  of  retrapping  of  H  the  lowest 
thermal  stability  of  the  In-H  pairs  is  observed 
corresponding  to  a  dissociation  energy  Ep(In- 
H)  =  1.3  eV  if  a  single  step  dissociation  proce.ss 
and  an  attempt  frequency  of  lO'^  s'-^  is  assumed. 
-  Under  the  same  assumptions  most  of  the  other 
dissociation  energies  Ep  listed  in  Table  I  were 
deduced.  -  In  contrast,  in  panel  (c)  the 
increased  stability  of  the  pairs  is  connected  with 
the  presence  of  the  plasma  induced  intrinsic 
defects,  being  absent  in  the  case  of  low  energy 


annealing  temperature  (K) 


Figure  4  Thermostabilities  ot  the  In-H  pairs  in  Si  boiling  in  water,  which  also 

represent  traps  for  the  H  atoms;  because  of 
frequent  dissociation  and  retrapping  processes  caused  by  the  higher  trap  concentration  H 
remains  until  much  higher  temperatures  in  the  Si  sample  as  compared  to  the  first  case.  In 
panel  (b)  the  artificial  increase  in  the  thermal  stability  is  effected  by  co-doping  the  sample 
with  B  acceptors  which  also  interact  with  H  atoms.  The  here  first  observed  increase  in  the 
fractions  of  In-H  pairs,  occurring  at  380  K,  is  caused  by  the  dissociation  of  B-H  pairs.  This 
process  feeds  the  fraction  of  In-H  pairs  via  the  release  of  H  atoms  which  are  then  available 
for  additional  trapping  by  isolated  In  atoms.  From  this  type  of  co-doping  experiments  the 
following  set  of  dissociation  energies  was  obtained  by  PAC:  Ejj(B-H)  =  1.2  eV  <  Ep(Ga-H) 
<  Ei3(In-H)  =  1.3  eV. 

From  the  data  in  Fig.  4  it  is  evident  that  dissociation  energies  reported  for  acceptor 
passivation  in  Si  critically  depend  on  the  H-loading  conditions  and  the  respective  acceptor 
and  H  concentrations.  Thus,  Pearton  et  al.  reported  dissociation  energies  of  1.1, 1.6, 1.9,  and 
2.1  eV  for  B,  Al,  Ga,  and  In,  respectively,'^  and  Stavola  et  al.  dissociation  temperatures  of 
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450,  480,  and  580  K  for  B,  Al,  and  Ga  respectively^^.  In  those  experiments  H  was  introduced 
via  plasma  loading  and  the  acceptor  concentration  was  well  above  10^^  cm’^;  consequently, 
the  observed  stabilities  of  the  acceptor-H  pairs  were  shifted  to  higher  values.  The  problem  of 
retrapping  of  H  by  the  acceptor  atoms  was  excluded  in  experiments  by  Weber  and  Zundel*^'*’^^ 
who  performed  their  stability  studies  in  the  depletion  region  of  a  biased  Schottky  contact; 
their  thermal  stabilities,  determined  for  various  acceptor-H  pairs,  agree  well  with  those 
obtained  by  PAG.  -  That  the  In-H  pairing  observed  by  PAG  really  corresponds  to  the 
microscopic  reaction  that  takes  place  during  the  electrical  passivation  as  observed  in 
resistivity  experiments  was  recently  demonstrated  by  PAG  and  electrical  measurements 
performed  at  the  identical  In-doped  Si  sample;  it  was  shown  that  the  number  of  In-H  pairs 
exactly  accounts  for  the  number  of  deactivated  In  atoms.^^ 

Table  I.  Acceptor-hydrogen  pains  formed  with  the  acceptors  ^'^In/Cd  or  ^*^”'Cd/Cd. 


COMPLEX 

vq(MHz) 

T(K) 

r\ 

A 

V 

EoteV) 

Ret. 

Silicon 

In-Hl 

360 

78 

0. 

<in> 

1.3 

2 

In-H2 

480 

78 

0. 

<in> 

1.3 

ln-H3 

Germanium 

270 

78 

0. 

<iii> 

IJ 

In-H 

436 

78 

0. 

<1U> 

1.1 

17 

GaAa 

Cd-Hl 

476 

78 

0 

<tu> 

135 

18,19 

Cd-H2 

1d£ 

495 

78 

0. 

<m> 

1.35 

Cd-H 

484 

295 

0. 

<in> 

1.8 

18,20 

GaP 

Cd-H 

525 

295 

0. 

21 

iaAi 

Cd-Hl 

427 

295 

0. 

<in> 

21 

Cd-H2 

581 

295 

0. 

<iii> 

inSb 

Cd-H 

357 

295 

0. 

21 

In  Table  I,  the  hyperfine  parameters  for  different  acceptor-H  pairs  observed  so  far  by  PAG  in 
several  semiconductors  are  collected.  In  Si^  and  Ge^^,  the  pairs  re  formed  with  the  probe 
atom  and  are  detected  at  the  daughter  isotope  ^^^Gd.  In  the  III-V  compounds  GaAs^®’^^ 
jj,pi8,20^  GaP,  InAs,  and  InSb^^  the  pairs  are  formed  with  the  probe  ^^^"’Gd  and  are  detected 
also  at  the  element  Gd  whereby  the  identical  isomeric  .state  of  ^^^Gd  is  used  as  in  the  case  of 
^^^In.  The  microscopic  nature  of  the  complexes  Gd-H2  observed  in 

GaAs  and  in  InAs,  respectively,  is  not  yet  completely 
identified;  it  can  not  be  excluded  that  these  EFGs  are 
caused  by  trapping  of  a  second  H  atom  or  even  by  an 
intrinsic  lattice  defect  -  For  the  II-VI  semiconductors  no 
pairing  with  H  atoms  has  been  reported,  so  far. 


In  all  cases,  the  listed  complexes  are  axially  symmetric  (ti 
=  0)  and  the  symmetry  axis  is  along  a  <111>  lattice 
direction.  This  means,  all  lattice  sites  proposed,  so  far,  for 
H  next  to  an  acceptjr^’^^  would  be  in  agreement  with 
these  PAG  results.  Of  course,  it  would  be  tempting  to 
explain  the  occurrence  of  the  three  different  EFGs  for  the 
In-H  pair  in  Si,  among  others,  by  the  population  of 
different  lattice  sites,  e.g.  the  bond  center  (BG)  and 


Figure  5.  Distinct  interstitial  sites  in  the 
Si  lattice  with  reference  to  the  probe 
atom  ^^^In/Cd.  BC:  bond  center,  AB: 
antibonding,  T:  tetrahedral  interstitial. 
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antibonding  (AB)  site  in  Fig.  what,  however,  has  to  be  speculative  at  this  point.  An 
experimental  solution  to  the  problem  of  determining  the  actual  H  site  at  the  acceptor  atom  is, 
in  principal,  offered  by  the  channeling  technique.  By  substituting  D  for  H  the  lattice  site  of  D 
at  the  presence  of  the  acceptor  B  was  determined  via  the  angular  dependence  of  the  reaction 
yield  of  the  D(^He,p)'*He  nuclear  reactions.  Summarizing  the  available  ion  channeling 
experiments,  it  turns  out  that  the  results  for  D  in  Si  are  much  in  favor  for  a  BC  site  next  to  the 
acceptor  but,  there  is  also  evidence  for  an  AB  site^^’.  In  interpreting  these  channeling 
results,  however,  it  should  be  taken  into  account  that  i)  the  analyzing  beam  influences  the 
apparent  D  site,  ii)  D  and  B  concentrations  of  typically  10^^  cm'^  were  required,  and  that  iii) 
the  technique  does  not  supply  direct  information  on  the  number  and  the  population  of 
different  D  sites. 


Figure  6.  Conversion  electron  Mbssbauer  spectra 
measured  at  the  probe  ^^%b/Sn  in  Si.  The  two 
resonance  lines  correspond  to  Sb-H  pairs  (left) 
and  isolated  substitutional  Sb  atoms  (right). 


Using  the  Mossbauer  probe  ^^^Sb/^^^Sn,  it  was 
possible  to  look  also  for  donor-H  pairing  in  Si 
which  was  proposed  to  occur  first  by  Johnson  et 
al.^^;  here,  the  formation  of  the  complex  Sb-H  is 
of  interest  For  the  Mossbauer  source 

experiment,  first  Si  was  doped  with  the  donor 
”^Sb  by  implantation  and  subsequently  annealed; 
the  sub.stitutional  incorporated  ^^^Sb  atoms  are 
characterized  by  the  isomer  shift  IS^  =  1.80  mm/s, 
as  is  visible  in  the  conversion  electron  Mossbauer 
spectrum  in  Fig.  6  (top).  After  low  energy  H 
implantation  (200  eV)  this  line  is  reduced  and  a 
.second  resonance  line  characterized  by  ISjj  =  2.34 
mm/s  becomes  visible.  It  disappears  after 
annealing  at  423  K  and  523  K  in  favor  of  the 
substitutional  Sb  line.  The  extracted  dissociation 
energy  of  Ejj  =  1.4  eV  agrees  well  with  the  values 
obtained  by  infrared  spectroscopy^.  Supported  by 
the  low  DWF  of  the  H  associated  site  and  because 
of  the  absence  of  a  defect  induced  EFG  for  the 
trapped  H  defect  the  more  distant  AB  site  has 
been  proposed  that  belongs  to  the  Si  atom 
neighboring  the  ‘^^Sb  probe  atom.  The 
temperature  dependence  of  the  DWF  also  points 
to  a  possible  tunneling  motion  of  the  H  atom  in 
the  neighborhood  of  the  daughter  isotope  ^*^Sn. 


3.  Reactions  between  Dopant  Atoms  and  Metallic  Impurities 

In  many  respects,  the  behavior  of  the  metallic  impurities  is  similar  to  that  of  the  above 
discussed  H  atoms;  in  particular,  they  tend  to  migrate  also  via  interstitial  lattice  sites  and 
exhibit  strong  interactions  with  dopant  atoms.  It  has  been  this  similarity  that  brought  up  the 
suggestion  that  the  species  which  passivates  acceptors  in  Si  after  chemomechanical  polishing^* 
might  also  consists  of  H  atoms^^’^^;  possibly,  in  a  different,  metastable  state  because  i)  the 
passivation  observed  in  resistivity  experiments  extends  across  the  whole  wafer  of  a  few  mm 
thickness  instead  of  reaching  only  a  depth  of  a  few  jim  and  ii)  the  thermal 
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stability  of  the  passivation  is  significantly  lower.  By 
implanting  ^^^In  acceptors  into  the  backside  of  Si  wafers 
which  subsequently  were  chemomechanically  polished  on 
their  front  it  was  straightforward  to  show  by  PAC  that  this 
species  X  does  not  form  any  of  the  already  known  In-H 
pairs^^*^^  because  the  X  defect  gives  rise  to  three  new 
EFGs  -  two  of  them  are  shown  in  Fig.  7  (middle  panel).  By 
implanting  low  energy  Cu"*^  ions  (200  eV)  into  Si  and 
comparing  the  resulting  EFGs  of  both  experiments  (top 
and  middle  panel  of  Fig.  7)  the  EFGs  are  shown  to 
correspond  to  the  formation  of  In-Cu  pairs^'*  (see  Table 
II).  Since  exclusively  implantation  of  Cu"*"  ions  but  not  of 
other  ions,  created  the  three  EFGs  that  characterize  the 
trapped  X  defect  an  assignment  of  this  defect  to  an 
interstitial  Si  atom^^  was  dismis.sed.  Further  studies  in  p-Si 
revealed  that  as-delivered  (unpolished)  Si  wafers, 
implanted  with  350  keV  have  to  contain  already 

Cu  as  precipitates^^:  Then,  it  can  be  explained  that  as 
soon  as  the  wafers  reach  a  temperature  at  which  the 
u(Mrad/s)  solubility  of  the  Cu  atoms^  becomes  comparable  to  the 

Figure  7.  Formation  of  i”in-Cu  pairs  m  'o^al  “^In  concentration  of  about  5-  10i<^  cm-3  In-Cu  pairs 
Si  under  different  experimental  are  visible  what  is  illustrated  in  Fig.  7  (bottom  panel).  The 
conditions.  fractions  of  In-Cu  pairs  measured  at  78  K  as  a  function  of 

annealing  temperature  of  the  Si  wafer  are  plotted  in 
Fig.  8-^^.  'fhey  strongly  increase  above  973  K  and  reach  a  maximum  around  il73  K.  At  still 
higher  temperatures,  the  high  Cu  concentration  seems  to  favor  the  Cu-Cu  interaction  over  the 
acceptor-Cu  interactions  so  that  the  In-Cu  fraction  decreases.  For  comparison.  Fig.  8  shows 
the  increase  of  the  electrical  resistivity  measured  at  the  identical  sample  used  for  PAC;  the 
same  behavior  of  the  resistivity  is  obtained  at  p-  type  Si  wafers  that  were  not  implanted  with 
^^^In"^  before.  The  increase  in  resistivity,  which  corresponds  to  the  formation  of  passivating 
acceptor-Cu  pairs,  nicely  parallels  the  fraction  of  In-Cu  pairs  measured  by  PAC.  It  should  be 
noted  that  the  high  sensitivity  of  the  PAC  technique  in  this  case  relies  mainly  on  the  fact  that 
Cu  precipitates  are  known  to  form  close  to  the  Si  surface^^,  just  where  the  ^^^In  probe  atoms 
reside  after  implantation  with  350  keV. 

Fig.  9  shows  the  thermal  stability  of  the  In-Cu 
pairs  following  different  treatments  of  the  Si 
wafers^.  Depending  on  the  procedure  employed 
the  thermal  stability  varies  by  as  much  as  200  K 
if  one  compares  the  dissociation  after  Cu"^ 
implantation  and  after  chemical  polishing.  Since 
in  the  case  of  the  low  energy  implantation  only 
2*10*'*  Cu'*’  cm'^  are  introduced  into  the  near 
surface  region  whereas  the  polishing  procedure 
is  known  of  generating  very  high  concentrations 
<K)  of  Cu  atoms  across  the  whole  wafer  the  different 

Figure  8.  Comparison  of  the  fraction  of  In-Cu  pairs  observed  Stabilities  seem  to  be  caused  by  the 
(left  scale)  and  the  electrical  resistivity  (right  scale)  different  concentrations  and  depth  distributions 
measured  at  the  same  sample  as  a  function  of  of  the  Cu  atoms  which  lead  tO  different 
annealing  temperature  of  .Si.  apparent  Stabilities  of  the  In-Cu  pair 
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Ta  (K) 

I'lgure  9.  Thermal  stability  of  In-Cu  pairs  in  8i 


because  of  the  different  retrapping 
probabilities.  Taking  the  lowest  observed 
stability  the  dissociation  energy  =  0.7  eV  is 
obtained  which  is  in  good  agreement  with 
corresponding  values  reported  by  Zundel  et 
al.35. « 

The  identification  of  the  X  defect,  induced  by 
polishing,  with  Cu  atoms  was  in  seemingly 
contradiction  to  ihe  much  too  high  diffusivity 
of  the  X  defect,  determined  by  Zundel  et  al.  at 
250  when  compared  with  the  diffusivity  of 
Cu.  determined  by  Hall  and  Racette  around 
800  The  fact,  however,  that  in  both 
experiments  the  acceptor  concentrations 


observed  under  different  sample  conditions, 
differed  by  5  orders  of  magnitude  along  with  the  shown  tendency  of  Cu  atoms  to  form  pairs 
with  acceptor  atoms  reconciled  the  two  different  results  with  each  other  and  led  to  a 
correction  of  the  published  diffusion  enera^  of  0.43  eV  for  Cu  in  Si  to  the  new  value  of  0.15 
ev34  Thus,  it  is  obvious  from  these  examples  that  the  use  of  thermodynamical  parameters 
can  become  problematic  for  proving  or  disproving  the  identity  of  a  particular  defect  complex. 


Table  II.  Pairing  between  the  acceptors  ^*^In/Cd  or  ^^^*”Cd/Cd  and  interstitial  metal  atoms. 


COMPLEX 

vq(MHz) 

T(K) 

11 

<ijk> 

ED(eV) 

Ref, 

silicon 

mTii 

172 

78 

0. 

<111> 

1.0 

2,17 

In-Li2 

260 

78 

0. 

<111> 

1.0 

In-Li3 

323 

78 

0. 

<in> 

1.0 

In-Nal 

170 

78 

0. 

20 

In-Na2 

249 

78 

0. 

In-Na3 

274 

78 

0. 

In-Cu  1 

237 

78 

0. 

<iii> 

0.7 

34 

In-Cu2 

334 

78 

0. 

<111? 

0.7 

In-Cu3 

408 

78 

0 

<111? 

0,7 

In-Fel 

378 

295 

0 

<311? 

<1.4 

43 

In-Fe2 

432 

295 

0J2 

<1.4 

In-Fe3 

473 

295 

0. 

<111? 

<1.4 

In-Crl 

370 

30 

0. 

<111? 

<1.5 

43 

In-Cr2 

Cemianium 

473 

295 

0, 

<111? 

<1.5 

In-U 

163 

78 

0. 

<111? 

0.85 

17,20 

CiAa 

Cd-U 

86 

295 

0.86 

20 

ioE 

Cd-U 

90 

295 

0.85 

20 

Along  with  their  hyperfine  parameters.  Table  II  lists  the  different  complexes  formed  between 
interstitial  metallic  impurities  and  the  acceptors  ^^^In  or  ^^'“Cd.  Like  in  the  case  of  pairing 
with  H,  also  here  most  of  the  ob.served  pairs  show  axial  symmetry  with  respect  to  a  <111> 
lattice  direction.  Further,  it  turns  out  that  in  Si  the  In-Cu  pairs^  behave  much  more  similar  to 
the  In-Li^^’^  and  In-Na  pairs^  than  to  the  In-H  pairs,  though  always  three  EFGs  characterize 
the  respective  pairs.  Since  Li  bound  to  an  acceptor  atom  is  known  to  reside  at  or  close  to  the 
tetrahedral  interstitial  site^  a  near  tetrahedral  site  is  also  assumed  for  Cu  trapped  by  the 
acceptor  In.  Such  an  assignment  would  be  in  agreement  with  calculations  by  Estreicher'*^  who 
proposes  the  BC  site  for  H,  in  agreement  with  van  de  Walle^^,  and  the 
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for  pairing  between  the  acceptor  B  (full  circle)  and 
three  different  interstitial  impurities  in  Si.  Given 
arc  the  bond  length  in  0.1  nm  and  the  "degree”  of 
bonding  (values  in  brackets). 


antibonding  site  close  to  the  tetrahedral  intenstitial 
site  for  Li  and  Cu  when  associated  with  the 
acceptor  B  in  Si  (see  Fig.  10).  The  dissociation 
energies  Ejj  listed  in  Tables  I  and  11  can  be 
thought  off  as  the  sum  of  the  binding  energy  Eg  of 
the  '•omplex  and  of  the  migration  energy  E,^  of 
the  interstitial  impurity  atom.  Taking  into  account 
that  these  complexes  are  coulombic  bound  the 
estimate  of  Eg  =  0.5  eV  for  the  binding  energy  is 
plausible.  With  this  value  good  agreement  with 
corresponding  migration  energies  reported  in  the 
literature  is  obtained^.  In  particular,  for  In-Cu  the 
value  Ej^  =  0.2  eV  is  obtained  which  agrees  well 
with  the  corrected  diffusion  energy  for  Cu  in  Si  of 
0.15  eV,  mentioned  above. 

Of  especial  interest  are  the  results  by  Reislohner 
and  Witthuhn'*^  who  reported  the  formation  of  In- 
Fe  and  In-Cr  pairs  which  are  also  visible  in  ESR 
experiments'*^’^^.  The  fact,  that  for  two  by  PAC 
observed  In-Fe  pairs  the  symmetry  axis  of  the 
EFG  is  not  along  a  <111>  direction  would  be  in 
agreement  with  the  <100>  orientation  observed 
by  ESR  for  the  In-Fe  complexes.  In  addition, 
Chantre  and  Kimmerling**®  concluded  from  DLTS 
experiments  that  the  formation  of  acceptor-Fe 
pairs  should  be  charge  controlled  leading  to 
bistability  effects  which  might  become  observable 
in  future  PAC  experiments. 


4.  Intrinsic  Defects 

The  identification  of  complexes  formed  between  radioactive  probe  atoms  and  intrinsic  defects 
is  much  more  complicated  than  of  the  complexes  discussed  above,  in  spite  of  the  well  defined, 
unique  EFGs  which  characterize  each  of  the  complexes  listed  in  Table  III.  The  reasons  are: 
The  lack  of  reliable  calculations  of  EFGs  created  by  defect  complexes  in  semiconductors  and 
the  difficulty  of  creating  a  single  type  of  intrinsic  defect. 

For  the  three  In-defect  complexes  observed  by  PAC  in  Fig.  H  shows  their  formation 

probabilities  as  a  function  of  annealing  temperature  T^.  After  implanting  350  keV  ‘ 
ions  into  n-type  Si  at  295  K ,  at  400  K  the  formation  of  In-Del  is  observed  which  reaches  its 
maximum  just  below  600  K  and,  at  higher  temperatures,  is  followed  by  a  new  complex,  In- 
De2,  that  is  stable  up  to  1000  K.  At  the  same  time,  the  fraction  of  In  atoms  on  unperturbed 
lattice  sites  (crosses  in  Fig.  11)  which  is  identified  via  its  zero  EFG  steadily  increases  to  100  % 
what  indicates  the  incorporation  of  the  implanted  In  atoms  as  electrically  active  dopants. 
When  the  completely  annealed  sample  was  post-implanted  with  Si^  or  P*  ions  at  100  K  the 
complex  In'De3  was  formed  around  250  K;  the  formation  of  this  complex  is  more  pronounced 
after  irradiation  with  MeV  electrons  or  proton.s.  The  behavior  of  the  three 


Materials  Science  Forum  vols.  83-87 


1091 


fractions  on  (he  annealing  temperature  which  were 

^  4*  + 

and  P  or  Si  implantation.  Shown 


created  by 


are  isolated  In  atoms  (f^)  and  the  complexes  In-Del  to 
In-De3  (fj  to  fj). 


complexes  as  a  function  of  annealing 
temperature  in  Fig.  1 1  suggest  a  formation  of 
successively  larger  defects  at  the  In  site.  On 
this  basis,  In-De3  has  been  assumed  to 
contain  the  smallest  number  of  defects  and 
has  been  identified  as  a  close  In-vacancy  pair 
what  is  supported  by  its  easy  production 
through  electrons  and  the  measured  <111> 
orientation  of  the  complex.  Although  a 
convincing  interpretation  of  the  other  two 
complexes  is  difficult  to  offer,  the  unique 
EFGs  of  all  complexes  prevent  that  they  are 
muted  up  with  the  other  complexes,  which 
e.g.  are  listed  in  Tables  I  and  II.  Thus,  the 
two  EFGs  characterizing  the  hydrogen 
complexes  In-Hl  and  In-H2  were  originally 
assigned  to  complexes  formed  between  In 
and  an  intrinsic  defect**^;  on  the  basis  of  the 


experiments  shown  in  Fig.  1,  however,  this  a.ssignment  could  be  corrected®. 


For  Ge,  the  EFGs  of  two  types  of  In-defect  complexes  are  known.^’^^>^^®^  .  In-Del  is  locally 
created  through  the  recoil  of  a  neutrino  which  originates  from  the  p-decay  of  the  isotope 
*^^Sn  to  ”Un  and  transfers  a  recoil  energy  of  29  eV  to  the  ^^Mn  probe  atom.^  As  a 
consequence,  an  isolated  Frenkel  pair  can  be  created  either  with  or  in  the  next  vicinity  of  the 
^*^ln  probe.  The  complex  has  been  assigned  to  an  In-vacancy  pair  created  through  the  <  1 11  > 
displacement  of  the  In  atom  from  its  substitutional  site.^*’^^  Tlie  corresponding  EFG  is 
exclusively  observed  in  p-type  Ge.  The  complex  In-De2  was  created  by  electron  irradiation^^ 
and  is  similar  in  its  properties  to  complex  In-De3  in  Si.  Therefore,  it  has  been  also  assigned  to 
a  close  In-vacancy  pair  oriented  along  a  <111>  lattice  direction^^  Since  the  EFG  is 
exclusively  observed  in  n-type  Ge  it  is  assumed  that  both,  In-Del  and  In-De2,  represent  an  In¬ 
vacancy  pair  which  can  occur  in  two  different  charge  states  depending  on  the  position  of  the 
Fermi  level  and,  in  turn,  gives  rise  to  the  two  different  observed  EFGs.  -  Also  listed  in  Table 
III  are  In-defect  pairs  found  in  several  II-VI  compounds.  As  discussed  at  this 

Table  III.  Pairing  between  the  dopant  atom  ^^Mn/Cd  and  intrinsic  lattice  defects. 


COMPLEX 

vq(MHi) 

T(K) 

<ijk> 

EofeV) 

Ref. 

Silicon 

In-Del 

28. 

295 

0. 

<111> 

2,0 

2.47 

In-De2 

142. 

295 

0.42 

3.0 

2,47 

In-De3 

451. 

78 

0. 

<U1> 

1.3 

2,48 

Germanium 

In-Det 

54.0 

78 

0. 

<111> 

13 

50.51 

In-De2 

420. 

78 

0. 

<111> 

1.1 

50,52 

ZnS 

In-V 

81.5 

295 

0.16 

54 

m, 

In-Vl 

72.4 

295 

0J5 

54,55 

ln-V2 

78.7 

295 

0.21 

54,55 

CdTe 

In-V 

60.0 

295 

0.10 

54,56 

57 
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conference^'*,  the  trapped  defects  are  identified  a  the  vacancy  of  the  metallic  (group  11) 
sublattice,  forming  with  the  donor  In  so-called  A  centers  in  ZnS^**,  CdS^'*’^^  and  in 
CdTe^-56.57 


Figure  12.  Microscopic  models  of  (left)  In-vacancy 
pairs  In-De3  (Si)  and  In-Dc2  (Ge)  and  (right)  In¬ 
hydrogen  pairs  In-H2  (Si)  and  !n-H  (Oe). 
emphasizing  the  defect  induced  relaxation  of  the 
acceptor  atom  In. 


Whereas  H  and  the  metallic  interstitial  atoms  in  Si 
always  create  three  different  EFGs  at  the  site  of 
the  probe  ***In/Cd  this  is  not  the  ca.se  for  the 
intrinsic  defects  in  Si.  In  this  respect,  the  intrinsic 
defects  behave  similar  the  substitutional  donor 
atoms  P,  As,  Sb,  and  Bi  trapped  by  In  acceptor 
atoms;  also  their  pairing  is  not  characterized  by 
three  different  EFGs^.  A  second  point  to  note  is 
the  close  similarity  of  the  EFGs  of  the  In-vacancy 
defect  and  of  the  In-H  complex  in  Si  and  in  Ge. 
Besides  the  identical  .symmetries  and  orientations 


of  the  EFG.S,  in  Si  the  corresponding  coupling  constants  are  451  MHz  (In-De3)  and  480  MHz 
(In-Hl);  in  Ge  they  are  still  clo.ser  with  420  MHz  (In-De2)  and  436  MHz  (In-H).  Thus,  for 
Ge,  where  at  295  K  the  frequencies  of  both  defect  complexes  are  identical  within  2  MHz 
these  similarities  led  to  some  temporary  confusion  which  only  through  PAC  experiments 
under  varying  sample  conditions  were  resolved^®’*^.  In  addition  to  the  similar  EFGs,  which 
arise  from  locally  similar  electric  charge  distributions  about  the  probe  atom,  also  the  observed 
thermal  stabilities  of  the  In-H  and  the  In-vacincy  pair  are  almost  identical  for  each 
semiconductor.  An  explanation  might  be  that  a  H  atom  and  a  vacancy  exert  a  similar  effect  on 
the  neighboring  acceptor  atom  (see  Fig.  12);  The  H  atom  trapped  at  the  bond  center  site  just 
saturates  one  covalent  bond  of  the  neighboring  Si  or  Ge  atom  thereby  leaving  the  In  acceptor 
only  threefold  coordinated**^^;  similarly,  the  trapped  vacancy  leaves  the  acceptor  threefold 
coordinated  because  of  the  missing  lattice  atom.  The  resulting  relaxation  and  the  threefold 
coordination  of  the  acceptor  atom  occurring  for  both  the  trapped  H  or  vacancy  .seem  to  be 
responsible  for  the  veiy  similar  EFGs  and  dissociation  energies  of  these  two  types  of 
complexes  in  Si  and  in  Ge.  -  Of  course,  there  are  many  results  on  intrinsic  defects  in 
semiconductors  obtained  by  Mdssbauer  spectroscopy^’^  which  have  not  been  discussed  at  this 
place. 


5.  Dynamic  Effects 

Whenever  changes  in  the  local  geometrical  or  electronic  structure  of  the  probe  atom  occur 
during  the  lifetime  of  the  isomeric  state  of  the  daughter  nucleus  which  is  in  the  range  of  100 
ns  the  rate  of  change  of  these  dynamic  effects  can  be  determined. 

Diffusion  proce.sses  can  repre.sent  one  possible  reason  for  such  a  dynamic  prcKcss  as  shown 
for  Fe  in  Si  where  in-beam  Mdssbauer  spectro.scopy  succeeded  in  determining  the  diffusion  of 
interstitial  Fe-  atoms  between  500  K  and  700  K.***  In  the.se  experiments,  the  140  ns  isomeric 
state  of  the  daughter  nucleus  ^^Fe  is  populated  by  Coulomb  excitation  instead  of  1^  the  B- 
decay  of  the  parent  ^^Co  nucleus  and  the  excited  ^^Fe  ion  is  recoil  implanted  into/i-Si.  In  this 
way,  which  requires  the  u.se  of  a  heavy  ion-accelerator  but  manages  with  concentrations  of 
10*^  Fe  cm'^  the  problem  of  the  low  solubiii^  of  Fe  in  Si  has  been  taken  into  account. 

The  Fcj  atoms  are  characterized  by  the  isomer  shift  IS  =  -0.84  mm/s  and  the  corre.sponding 
resonance  line  is  visible  in  the  right  part  of  the  fiist  spectrum  shown  in  Fig.  13,  which  is 
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FIkuit  13.  Mossbaucr  spectra  recorded  at  temperatures  between  Fipire  14.  Diffusion  coefficients  of  Fc  in  Si. 
3fl0  K  and  680  K  using  Coulomb  excited  ^^Fe  that  is  implanted  into  Squares:  data  extracted  from  the 
•Si.  Mds.sbauer  resonance  line  at  IS  <=  -OiM 

mm/s;  circles:  data  from  the  literature. 

recorded  at  a  sample  temperature  of  300  K.  With  increasing  temperature  this  resonance  line 
starts  to  broaden  what  is  a  manifestation  of  the  onset  of  diffusion  of  the  Fe|  atoms  on  the  time 
scale  of  the  observing  nuclear  probe  atom.  The  line  broadening  AP  is  connected  to  the 
diffusion  coefficient  D  via  AP  =  12*fi*D*l‘^  where  I  is  the  elementary  jump  length.  Taking  I 
-  0.235  nm,  the  distance  between  two  neighboring  tetrahedral  interstitial  sites,  and  assuming 
the  Arrhenius  law  D  =  D„  exp(-Ej,/kT)  for  the  temperature  dependence  of  the  diffusion 
coefficient  the  diffusion  data  plotted  in  Fig.  14  (squares)  can  be  extracted  from  the  Mossbauer 
spectra.  The  fact  that  the  new  data  lie  on  the  interpolating  line  that  connects  the  already 
known  low-  and  high-temperature  diffusions  data  for  Fe  in  Si  (circles)  ju.stifies  this 
interpolation  proposed  by  Weber^  and  shows  the  same  mechanism  to  govern  the  diffusion  of 
Fe;  atoms  between  300  K  and  1500  K.  -  Local  diffusion  of  Cu^^  and  atoms  about  the 

probe  atom  *^’ln/Cd  in  Si  was  observed  by  PAC. 
Again,  the  corre.sponding  dynamics  that  Is 
associated  with  fluctuating  EFGs  characterizing  the 
In*Cu  or  In-H  pairs  becomes  observable  as  soon  as 
the  time  for  a  single  reorientation  of  the  *‘*Cd-Cu 
or  ^*’Cd-H  pair  becomes  comparable  to  the  nuclear 
lifetime  of  the  probe’s  daughter  nucleus  ^*’Cd. 

An  example  where  the  respective  EFGs 
characterizing  a  probe  atom-defect  pair  depend  on 
the  electrical  properties  of  the  semiconductor  is 
shown  for  ”*In/Cd-H  p-irs  in  SI  which,  as 
mentioned  above,  are  characterized  by  three 
different  EFGs.  In  Fig.  15.  the  value  of  the 
measured  EFG  or  the  coupling  coastant  vq  is  shown 
Ffgwe  15.  The  EFGs  of  *“in/Cd-H  pairs  in  .Si  jq  depend  on  both  the  concentration  of  electrically 
(expressed  by  their  coupling  cowtant*  vp)  as  a  acceptors  c-  and  the  temperature  T^  of  the 

function  of  the  cictfricaly  active  B  ^  sample.  The  data  show  that  two  of  the  three 
C,  .nd  y  efOv  In-Hi  and  In-H3  lislcd  in  Table  I,  actually 

Nofc,  Inc  coumtne  conManCa^i  Vrii  / « /«v  a  ^  t  ' 

T^ic  I,  rMpcctiveiy.  **'In/Cd-H  pair.  When  the  Fermi  level  is  ck^  to 
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the  valence  band  in  /7-type  Si,  i.c.  at  high  Cg  ot  low  Tm*  the  corresponding  EFG  observed  at 
the  daughter  nucleus  **^Cd  is  (In-H3)  and  its  value  is  determined  by  the  neutral 
complex  (Cd-H)^  •  note  that  Cd  forms  a  double  acceptor  in  Si.  If  Cg  is  decreased  or  Tm  « 
increa.scd  the  Fermi  level  moves  towards  the  center  of  the  band  gap  and  the  negative  (Cd-H)' 
charge  state  is  observed  characterized  by  (ln-H3).  In  between,  the  ampling  constant  is 
described  by  v^j  =  w*Wqj^_  +  (I-w)*‘'()|/o*  where  w  is  the  probability  for  the  population  of 
the  negatively  charged  state  which  is  determined  by  the  position  and  sharpness  of  the  Fermi 
distribution.  When  in  the  intermediate  region  of  Cg  and  the  charge  fluctuation  happens 
within  the  nuclear  time  window  relaxation  effects  are  ol^rvable  in  the  PAC  spectra.  A 
similar  effect  is  reported  to  occur  for  pairs  in  Si  formed  between  the  probe  '*Mn/Cd  and 
.substitutional  donor  atoms,  like  P  or  As.^*^ 

Independent  of  the  coupling  atnstant  Vqi  whose  actual  value  is  controlled  by  the  charge  state 
of  the  Cd-H  complex  the  presence  of  the  third  EFG,  characterized  by  vq2  (in-H2  in  Table  I), 
shows  that  a  second  type  of  *^Un/Cd-H  pair  exists  which  was  assigned  to  a  structurally 
different  configuration  of  Cd-H.  The  population  of  1*^2  is  qualitatively  represented  by  the  size 
of  the  closed  triangles  in  Fig.  15.  This  state  Ls  observed  at  low  acceptor  concentrations  Cg  and 
temperatures  T|^  and  its  population  competes  with  that  of  Vqi^,.  Here,  a  structural  traasition, 
probably  already  taking  place  at  the  **Mn-H  complex  and  marked  by  vq]/.  and  vq2  occurs 
when  the  hole  concentration  in  the  region  of  the  probe  atom  decreases.  Inis  interpretation 
has  been  confirmed  additional  PAC  experiments  that  were  performed  in  the  space  charge 
region  of  a  Ti/Si  Schottky  contact  which  allows  to  control  the  hole  concentration  without  a 
change  of  dopant  concentration  or  temperature  of  the  sample.^ 


6.  Concluding  Remarks 

The  presented  examples  should  have  demonstrated  how  a  chemical  identification  of  defects  in 
semiconductors  is  possible  if  radioactive  probe  atoms  are  used  that  are  suited  for  PAC  or 
Mbssbauer  experiments.  It  shfHiId  be  pointed  out  that  radioactive  atoms  are  also  used  in 
combination  with  other  techniques  whi^,  in  part  are  represented  in  this  conference.  Among 
them,  there  are  tvw  techniques  which  should  be  mentioned:  The  use  of  radioactive  atoms 
allows  to  perform  lattice  location  experiments  via  the  blocking/channeling  effect  for  charged 
particles  at  much  lower  defect  concentrations  than  it  is  possible  in  omv^ntional  ion 
channeling  experiments.^  This  possiNlity  meets  a  requirement  that  is  of  important  in  mat^ 
defect  studies  in  semiconductors.  Second,  the  measurement  of  DLTS  at  samples  dop^  with 
radioactive  instead  of  with  stable  impurities  allows  to  combine  the  high  elearical  sensitivity  of 
DLTS  with  the  possibility  of  a  chemical  identification  of  the  observed  electronic  levels.**^^’* 
The  intensity  of  the  DLTS  signal  that  is  related  to  the  radioactive  impurity  atoms  will  decay  or 
grow  according  to  the  nuclear  lifetime  of  the  respective  impurity  atom. 

In  summary,  nuclear  techniques  will  rarely  be  suited  for  systematic  studies  of  defects  in 
semiconductors  because  of  their  special  requirements;  rather,  th^  aio  a  tool  for  exemidaiy 
investigations  in  prudently  selected  systems  whose  results  can  be  transferred  to  similar 
systems,  as  w^ll.  If  applicable,  nvdear  techniques  deliver  information  on  defects  that  ate 
often,  if  at  all,  difficult  to  obtain  by  other  techniqu&i. 
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ABSTRACT 

Deep  level  transient  spectroscopy  (DLTS)  is  used  to  sensitively  probe  deep  centres  con¬ 
taining  one  or  more  radioactive  isotopes.  The  number  of  the  particular  probe  atoms  that 
participate  in  the  centres  observed  is  determined  from  the  decay  and  formation  laws  of  the 
corresponding  defect  concentrations.  The  method  is  applied  to  silicon  samples  implanted 
with  radioactive  Ulln*;  one  of  the  samples  is  further  doped  with  iron  by  means  of  diffusion. 
The  indium  ions  decay  into  stable  cadmium  ions  with  mean  lifetime  x  of  4.08  d.  We  have 
identified  a  series  of  Cd-related  centres  whose  concentrations  exponentially  increase  with 
t.  The  growth  of  Cd-related  centres  considerable  deviates  from  the  expected  growth  laws 
in  samp^les  that  contain  interstitial  iron  atoms  (Fej).  The  deviations  are  due  to  slowly  dif¬ 
fusing  Fej  atoms  which  form  CdFe  pairs;  the  level  observed  at  Ev+485  meV  is  attributed 
to  these  pairs. 


1.  Introduction 

The  application  of  deep  level  transient  spectroscopy  (DLTS)  to  defect  centres  that  contain 
radioactive  isotopes  combines  the  advantage  of  high  sensitivity  to  low  concentrations  with 
the  opportunity  also  to  identify  the  chemical  nature  and  number  of  particular  probe  atoms 
that  make  up  the  observed  centres  [1,2,3].  The  transmutation  of  unstable  parent  nuclei  into 
their  stable  daughter  isotopes  leads  to  a  decrease  or  increase  of  specific  defect  centres.  If 
these  centres  are  observable  in  the  DLTS  spectra,  an  analysis  of  their  peak  heights  (cor¬ 
responding  to  their  defect  concentrations),  determined  at  various  decay  times,  clearly 
reveals  the  number  of  parent  or  daughter  nuclei  that  are  incorporated. 

In  this  paper,  we  give  the  different  decay  and  formation  laws  for  centres  containing  one  or 
two  radioactive  nuclei  and  demonstrate  the  schemes  for  silicon  samples  that  are  implanted 
with  radioactive  HUn*  ions.  l^In*  decays  into  stable  lUCd  with  a  mean  lifetime  t  of 
4.08d.  In  addition,  we  have  diffused  iron  into  one  lllln*-implanted  Si  sample.  The 
advantage  of  our  scheme  is  that  all  the  incorporated  impurities  can  be  detected  by  DLTS 
and  that  the  value  of  the  In  mean  lifetime  allows  the  observation  of  defect  concentrations 
in  a  wide  range  within  a  reasonable  period.  We  have  identified  the  singly  and  doubly  charged 
state  of  the  Cd  double  acceptor,  two  Cd-related  complexes  containing  one  Cd  atom  each 
and,  finally,  a  donor-like  complex  that  is  attributed  to  CdFe  pairs. 


2.  Deep  level  transient  spectroscopy  by  means  of  radioactive  impurities  (DLTS-RI) 

The  DLTS-RI  method  is  based  on  the  observation  of  electrically  active  defects  which  contain 
one  or  more  radioactive  nuclei.  The  radioactive  parent  nuclei  decay  into  stable  daughter 
isotopes  according  to  the  mean  lifetime  t.  This  transmutation  may  be  accompanied  by  a 
decrease  or  an  increase  of  a  certain  number  of  electrically  active  defects.  Their  concen¬ 
trations  are  monitored  by  DLTS  as  a  function  of  the  decay  time.  Fitting  the  DLTS  data  with 
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the  growth  laws  appropriate  for  one  or  two  probe  atoms,  we  are  able  to  determine  the  size 
of  the  complex.  In  the  following,  we  show  the  decay  and  formation  laws  for  defect  centres 
containing  one  or  two  radioactive  isotopes. 


a)  Defect  containing  one 


b)  Defect  contoining  two 
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norm,  decay  time  t/T  norm,  decay  time  t/T 

Fig.  1.  The  calculated  curves  show  the  normalized  defect  concentration  N  ^{1)/ N  i/^io) 
vs.  normalized  decay  time  t/t.  N  i(o)  and  N3(o)  are  the  starting  concentrations  of  radioactive 
defects  at  decay  time  t=0,  t  is  the  mean  lifetime  of  the  parent  isotope,  and  the  subscript  v 
runs  from  1  to  5.  Curves  1,2, 3, 4  and  5  are  calculated  with  Eq.  (1),  (2),  (3),  (4),  and  (5), 
respectively. 


The  curves  in  Fig.  la  are  calculated  for  the  case  that  only  one  probe  atom  X*  participates 
in  the  defect  centre;  generally,  this  centre  may  also  contain  an  additional  stable  partner  A. 
The  decay  of  defect  (A+X*)  according  to 

iA*X*)  -4  (/l  +  S) 

is  given  by  an  exponential  law 

A/i(t)/A/,(o)  =  exp(-t/T:)  (1) 

where  S  is  the  stable  daughter  nucleus. 

The  increase  of  the  stable  defect  (A+S)  is  described  by 

A/2(t)-/V,(o)[l-exp(-t/x)]  (2) 

Fig.  lb  considers  the  case  that  two  probe  atoms  X*i,  X^s  and  possibly  4  further  stable 
partner  B  form  a  defect  complex.  X*i  and  X*s  are  chemically  identical.  The  subscripts  i 
and  s  indicate  that  they  may  differ  in  any  of  their  physical  properties,  e.g.  may  reside  on 
crystallographically  inequivalent  lattice  sites.  The  stable  complex  (B  +  Sj  +  Sg)  is  formed 
via  the  intermediate  states  (B  +  Sj  +  X*s)and(B  +  ")(*{  +  Sg;  as  indicated  in  the  following 
decay  scheme 

x/Z  X 

^  2(5  +  S.  +  S.) 

Taking  into  account  that  the  radioactive  decay  of  the  two  probe  atoms  is  statistically 
independent  and  assuming  that  the  intermediate  states  are  not  distinguishable,  the  fore¬ 
going  decay  scheme  is  governed  by  the  following  decay  and  formation  equations  which  are 
represented  in  Fig.  lb  (see  curves  3,4,  and  5). 

/V3(0  =  A/3(o)-.e-^""  (3) 


[A/4(0+ A/;(£)]  “  A/3(o)  ■  2e-‘'\  1 -e-*'") 


(4) 


A/s(£)-iV3(o)(l-e'"')"  (S) 

In  the  present  paper,  the  DLTS-RI  method  is  used  to  investigate  defects  in  silicon  which 
are  introduced  by  implantation  of  radioactive  “lln*.  This  isotope  decays  into  stable  iHCd 


with  a  mean  lifetime  x  of  4.08d. 
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Fig.2.  DLTS  spectra  of  min*-implanted  Si  samples  taken  at  various  decay  times,  a) 
B-doped  sample  No.  1,  b)  P-doped  sample  No.  3 

where  e'  is  the  captured  electron  and  v  i .  Y  2.  a  n  d  v ,  are  the  two  emitted  yquanta  and  the 
emitted  neutrino,  respectively. 

Both  In  and  Cd  form  deep  acceptors  in  silicon  which  can  be  probed  by  DLTS.  The  system 
Si:In  has  been  thoroughly  investigated  [4]  whereas  the  data  published  on  the  Cd  acceptor 
in  Si  provide  an  ambiguous  view  (see  [3]). 


3.  Experimental 

For  this  investigation,  we  employ  Cz-grown  n-  and  p*type  Si  wafers  supplied  by  Wacker 
Chemitronic.  The  data  relating  tc  the  starting  matenal  and  the  processing  steps  are  sum* 
marized  in  Table  I.  The  implanted  min*  dose  is  judged  to  have  an  uncertainty  of  ±  50%. 
Gold/titanium  Schottky  contacts  (0-0.7  mm)  are  fabricated  on  the  front  side  of  the  n/p'type 
Si  samples;  large  area  ohmic  contacts  (Al)  are  evaporated  on  the  back  side.  The  Fe  di&ision 
is  earned  out  in  an  evacuated  quartz  ampule.  The  DLTS  equipment  used  is  described  in 
Ref.  [5]. 


Table  I. Data  of  the  starting  Si  material  and  of  the  processing 
parameters  of  the  investigated  samples 


Sample  No. 

Material 

Processing  parameters 

1 

Cz-Sl(B),  <111> 
[B)=610l6cm-3 

implantation?  min* 
energy;  400keV 

2 

Cz-Si(Al)  <111> 

dose;  =10^^cm"2 

(AlJ=810t6cm-3 

subsequent  annealing; 
T=1000“C/t=90  min. 

3 

Cz-Si(P),<lll> 
(Pl-3 10l6cm“3 

Cz-Si(B),<lll> 

(BJ=610l6cm-3 

Implantation ; 1 1 t In* 

energy:  400keV  ' 

4 

dose:  “lO^^cm'^ 

subsequent  annealing  combined 
with  Fe~di££u8ion: 
T-1020"C/T*30min 
rapidly  cooled  down 

second  annealing  after  400h: 
T=100''C/T*60mln. 

. . . . 
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a)  decay  time  t 


decoy  time  t 


Fig.3.  Concentration  of  stable  defects  vs.  decay  time  of  the  lUln*  parent  atoms.  The  solid 
curves  are  least-squares  fits  of  Eq.(2)  to  the  experimental  data  (crosses,  circles).  A  time 
constant  of  (95±5)h  is  obtained  from  all  three  fits.  The  dashed  curves  are  calculated  with 
Eq.  (5)  using  the  same  values  of  the  saturation  concentration  and  mean  lifetime  as  for  the 
calc'tlation  of  the  solid  curves,  a)  B-doped  sample  No.l,  b)  P-doped  sample  No.  3. 


4.  DLTS  results  for  min*-implanted  samples 

Figs.  2a,  b  show  DLTS  spectra  of  the  B-doped  sample  No.  1  and  the  P-doped  sample  No,3 
which  were  both  subjected  to  an  ^In*  implantation  of  comparable  dose.  The  spectra  are 
taken  at  various  decay  times,  whereby  the  zero  point  of  t ’’e  indium  dec^  time  is  set  at  the 
end  of  the  annealing  process  since  the  heat  treatment  at  around  1000“C  results  in  an  out- 
diffusion  of  those  Cd  atoms  that  have  already  been  produced.  The  DLTS  spectra  of  the 
B-doped  sample  (see  Fig.  2a)  display  three  peaks.  The  peak  at  approx.  70K  decreases  with 
increasing  decay  time;  it  is  attributed  to  the  substitutional  In  acceptor  (for  detaUed  dis¬ 
cussion,  see  [3,4]).  The  Cd(B  1)  peak  at  T=78K overlaps  the  hi  peak  on  the  high  temperature 
side  and  a  third  peak  (CdO/*)  is  observed  atT=200K.  The  Cd(Bl)  and  Cd°'‘  peak  heights 
increase  with  increasing  decay  time.  The  DLTS  spectrum  of  the  Al-doped  sample  No.  2 
(not  shown)  also  displays  the  In  and  CdO'*  level  and  a  third  peak  at  T= 78IC  termed  Cd( All), 
that  corresponds  to  Cd(BD  in  the  B-doped  sample  No.l.  'Die  DLTS  spectrum  of  the 
P-doped  sample  No.3  (see  Fig.  2b)  shows  one  sharp  peak  (Cd''2-)  at  T=240K  that  strongly 
increases  with  the  decay  time. 

Table  II. DLTS  results  for  min*-iitiplanted  samples  No.  1,2,3 
and  for  the  ^^^In*-iiiiplanted  and  Fe-dlffused  sample 
No.  4 


Defect 

centre 

Sample 

No. 

Mean 
peak 
tempera¬ 
ture  <T> 
[K] 

Mean 

electric 

field 

<F> 

105 

[V/cmJ 

Energy 

E“(meV] 

level 

E^fmeV] 

Capture 

cross 

section 

[cm2] 

CdO/- 

IBQI 

216 

7.5 

EV+455C 

EV+510C 

410-15 

Cd-/2- 

3 

240 

5.5 

Ec-430 

Ec-470 

510-15 

Cd{Bl) 

■n 

78 

8.0 

Bv+190C 

Ev+210C 

710-14 

Cd{AH) 

2 

78 

8.5 

Ev+195= 

P.V+215C 

410-14 

CdFe 

4 

260 

0.5 

110-14 

“Evaluated  for  temperature-independent  capture  cross-section 
o=con8t. 

*^Evaluated  for  temperature-dependent  capture  ross-section 

0=T-2 

•^Corrected  for  the  Pooie-Frenkel  effect  at  <F>  given  in 
column  4  (see  (3J) 
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Fig.  4.a)  DLTS  spectra  of  the  lllln*-implanted  and  Fe-di£fused  Si  sample  No.4  taken  at 
various  decay  times,  b)  Concentration  or  stable  defects  v.  decay  time;  the  concentrations 
are  determined  from  the  corresponding  peak  heights  in  Fig.4a).  The  solid  curve  is  a  fit  of 
Eq.(l)  to  the  measured  Idlin’"  concentrations.  The  dotted  curve  is  calculated  with  Eq.(2) 
using  Ni(o)=1.45  and  t=98h.  The  full  circles  are  measured  after  a  decay  time 

of  400h  and  a  second  anneal  was  performed  at  100‘’C  for  60  min. 
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Ionization  energies  aEj  and  capture  cross  sections  a  of  the  observed  centres  are  derived 
from  an  Arrhenius  plot  In  (xp/e  /  Ijus)  vs.  T*l,  where  Xp/e  is  the  hole/electron  emission  time 
constant. 


Since  the  temperature  dependence  a  (T)  is  unknown  for  these  centres,  we  define  a  range 
in  which  the  ionization  energies  are  likely  to  be;  we  do  this  by  assuming  two  possible  cases: 
0= const  and  a  *T*2  (see  Table  II,  column  5).  In  order  to  obtain  the  zero-field  ionization 
energies,  the  emission  time  constants  Xp/g  (T)  (available  from  the  DLTS  measurements) 
have  to  be  corrected  for  the  Poole-wenkel  effect  [3,6]  that  takes  into  account  the 
enhancement  of  the  emission  rate  from  an  attractive  coulomb  center  in  the  presence  of  a 
hi^  electric  field.  The  resulting  energy  levels  and  capture  cross  sections  are  summarized 
inTable.  II  ( column  5  and  6). 

In  Figs.  3a,b,  the  defect  concentrations  of  centres  Cdo/*,  Cd(Bl),  and  Cd'/^*  determined 
from  the  DLTS  peak  heights  are  depicted  as  function  of  the  indium  decay  time  (see  crosses 
and  circles).  The  solid  curves  are  least  squares  fits  of  Eq.  (2)  to  the  experimental  data.  Ni(o) 
is  given  by  the  saturation  concentrations  of  the  various  centres  at  decay  times  >600h.  All 


three  solid  curves  result  in  the  same  time  constant  x=(95±5)h;  this  value  agrees  within  the 
error  bar  with  the  value  of  the  mean  lifetime  of  the  min*  probe  atoms  (x=98h).  The  same 
value  of  X  is  obtained  for  the  formation  of  the  Cd(All)  concentrations.  The  agreement  of 
the  two  time  constants  clearly  demonstrates  that  one  Cd  atom  is  incorporated  in  each  of 
the  centres  (Cd°/*,  Cd"'2-,  Cd(Bl),  Cd(AIl)).  For  comparison,  we  have  cEUculated  the  defect 
formation  assuming  that  two  probe  atoms  are  incoiroorated  in  each  centre  (see  dashed 
curves  in  Figs.  3a, The  calculation  is  based  on  Eq.(5)  using  the  same  parameters  as  for 
the  solid  curves.  The  dashed  curves  deviate  appreciably  mom  the  experimental  data; 
moreover,  an  intermediate  state  given  by  Eq.  (4)  cannot  be  observed.  The  following 
experimental  results  strongly  support  the  supposition  that  the  CdO/"  and  Cd"”-  levels  belong 
to  the  singly  and  doubly  charged  state  of  tlm  isolated  Cd  double  acceptor: 

(1)  from  the  fit  (Eq.(2))  to  the  CdO'*/Cd*”-  concentfations,  it  is  known  that  these  centres 
contain  one  Cd  atom  each, 

(2)  the  measured  concentrations  (— lOl^cm'^)  are  the  same  for  both  centres  (at  same 
implantation  dose), 

(3)  the  analysis  of  the  Poole-Frenkel  effect  results  in  acceptor-like  states  and  predict  the 
charge  states  o/-  and  -/2-  for  the  two  levels. 


We  propose  that  the  isolated  Cd  double  acceptor  generated  by  transmutation  of  radioactive 
In  atoms  resides  on  a  lattice  site  like  the  In  acceptor  itself  [4].  The  maximum  energy  of  le V 
that  can  be  transferred  during  the  lUln*  decay  (Eq.(6))  is  much  smaller  than  the  dis¬ 
placement  energy  of  approx.  20eV  necessary  to  kick  a  Si  atom  out  of  its  lattice  site.  At  the 
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present  time,  it  is  not  clear  whether  centres  Cd(Bl)  and  Cd(All)  are  identical  or  consist  of 
different  partners.  Both  centres  contain  one  Cd  atom.  They  act  as  acceptors  and  their 
ionization  energies  are  equal  within  our  error  bar  of  ±  10  meV. 


5.  DLTS  results  for  the  min*-implanied  and  Fe-diffused  sample 

DLTS  spectra  of  sample  No.4  are  shown  in  Fig.  4a;  the  spectra  are  taken  at  various  In  decay 
times.  Tne  ^In*  level  at  T= 70K  rapidly  decreases  with  decay  time.  At  short  times  (t = 9^, 
a  broad  peak  around  ISOK  appears  in  the  DLTS  spectrum.  Aftw  a  decay  time  of  67n, 
primarily  two  levels  grow  out  of  the  broad  peak,  namely  the  CdPi~  and  a  so  far  unknown 
level  that  is  attributed  to  a  CdFe  complex  (Af^-SOZmeV);  its  electrical  behavior  is 
donor-like.  The  CdFe  complex  becomes  dominant  in  the  DLTS  spectrum  with  increasing 
decay  time.  Fig.  4b  depicts  the  measured  defect  concentrations  as  a  function  of  the  decay 
time.  The  lUln*  level  decays  exponentially  shown  by  the  DLTS  data  (crosses)  and  by  the 
solid  curve  calculated  with  Eq.(l)  (parameters:  A/  ,(o)  =  1 .45  •  10‘*cm‘^ ,  x  -  98h).  By 
contrast  to  sample  No.l,  the  Cd9f‘  level  (open  circles)  does  not  show  the  expected  expo¬ 
nential  increase  that  is  indicated  ^  tne  dotted  curve  also  labelled  Cd°/‘;  the  Cd(Bl)  level 
is  not  at  all  observed.  Instead  the  CdFe  level  appears  with  slowly  increasing  concentration. 
It  is  assumed,  that  interstitial  Fe  atoms  slowly  diffuse  in  the  Si  lattice  at  room  temperature 
and  form  pairs  with  isolated  Cd  atoms;  similar  pairing  has  already  been  reported  for 
acceptors  of  the  third  column  of  the  periodic  table  [7].  The  full  circles  in  Fig.  4b  denote 
Cd-related  defects  (Cd9'',  Cd(B^,  and  CdFe)  that  are  generated  after  a  decay  time  of 400h 
and  by  a  second  annealing  step.  Inis  heat  treatment  leads  to  a  redistribution  of  Cd-related 
defects.  The  Cdo/‘  and  Cd(Bl)  level  now  reach  values  comparable  to  those  of  sample  No. 
1  and  the  concentration  of  the  CdFe  level  is  strongly  reduced. 


6.  Summary 

Deep  level  transient  spectroscopy  using  radioactive  impurities  (DLTS-RI)  is  a  defect 
specific  analysis  method;  it  provides  high  sensitivity  to  low  concentrations  and  additionally 
gives  the  opportunity  to  identify  the  chemical  nature  and  number  of  particular  probe  atoms 
that  participate  in  the  observed  defect  centre.  The  DLTS-RI  method  is  demonstrated  for 
1 1  lln*-implanted  Si  samples.  We  have  identified  the  singly  and  doubly  charged  state  of  the 
isolated  Cd  double  acceptor,  and  two  Cd-related  complexes  Cd(Bl)/Cd(All)  that  contain 
one  Cd  atom  each.  The  l"lln ’‘-implanted  and  Fe-diffused  Si  sample  reveals  that  the  growth 
kinetics  of  stable  daughter  defects  may  signMcantly  deviate  firom  the  expected  growth  laws 
if  additional  reactions  -  like  the  slow  diffusion  of  interstitial  Fe  -  proceeds  in  parallel  vrith 
the  radioactive  decay. 
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AB8TBBCT 

The  deep  level  transient  spectroscopy  technique  has  been  applied  to 
silicon  doped  with  radioactive  isotopes  of  the  elements  Au,  Pt,  Ir, 
and  Os.  The  disappearance  or  appearance  of  features  in  the  spectra, 
when  the  incorporated  radioactive  atoms  transmute,  identifies 
unambigously  an  impurity  involved  in  the  observed  centers.  A 
possible  generalization  of  the  method  is  discussed. 


1.  Introduction 

The  identification  of  defects  giving  rise  to  band  gap  levels  is  a 
major  problem  in  semiconductor  physics.  The  introduction  of  Deep 
Level  Transient  Spectroscopy  (  DLTS  )  led  to  drastically  improved 
sensitivities  for  detecting  such  states  [1],  but  did  not  solve  the 
problem  of  identifying  the  constituents  of  the  observed  centres. 
Here  it  is  demonstrated  that  in  some  cases  this  problem  can  be 
solved  by  combining  the  DLTS  technique  with  the  use  of  radioactive 
dopants.  The  cases  of  Au,  Pt,  Ir,  and  Os  were  chosen  since  there  is 
considerable  fundamental  as  well  as  applied  interest  in  the  5d 
elements  as  intentional  as  well  as  unintentional  dopants  in 
silicon.  Furthermore,  strong  and  very  clean  ion  beams  of  the  Hg 
mother  isotopes  could  be  obtained  at  the  ISOLDE  on-line  mass 
separator  at  CERN  [ 2 ] . 

We  argue  at  the  end  of  the  paper  that  the  method  can  be 
generalized  to  solve  other  identification  problems  by  combining  the 
use  of  radioisotopes  with  other  sensitive  semiconductor  techniques, 
like  e.g.  EPR  and  photoluminescence. 

2.  Bzpariaeutal  results  sad  disoussiou. 

Radioactive  and  ^®®Hg  isotopes  were  produced  as 
spallation  products  from  irradiations  of  a  molten  lead  target  with 
600  MeV  protons.  The  isotopes  are  delivered  from  the  ISOLDE  isotope 
separator  [2]  as  mass-analyzed  60  keV  ion  beams  with  a  fluence  of 
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roughly  10^  lons/s.  The  ions  were  implanted  into  standard  n-  and  p-* 
type  float  zone  <100>  Si  (  from  Hacker  Chemitrbnio  }  with  a 
resistivity  of  0.5  -  1.0  n  cm.  It  is  of  crucial  importance  to  the 
feasability  of  the  experiment  that  the  radioactive  beams  were  not 
contaminated  with  stable  Isotopes  of  the  elements  investigated.  The 
samples  were  annealed  at  temperatures  between  1050  and  1300  K  to 
remove  the  radiation  damage  and  diffuse  the  implanted  Isotopes  into 
the  substrate.  Au,Pt,  or  Ti  films  were  evaporated  on  to  the  surface 
of  the  samples  to  produce  Schottky  barriers.  The  DLTS  measurements 
were  performed  with  a  commercial  instrument  (  Semitrap  ) . 

The  decay  sequences  for  the  three  radioactive  Isotopes  are  as 
follows: 


'Hg 

10  h 
-♦ 

183  d 

195pt 

'Hg 

4  h 

17.5  h 

50  yr 

'Hg 

8  m 

29  m 
ifi^Au  -♦ 

10.9  h 
18®Pt  - 

13  d 

I8®lr  - 

189os 

Fig.l  shows  a  temperature  scan  of  a  ^^^ir  diffused  n-Si  sample. 
The  spectrum  is  dominated  by  two  peaks  of  equal  Intensities.  The 
low  temperature  peak  has  an  activation  energjv  of  0.27  eV  and  a 
majority  capture  cross  section  of  2.6  10"^*  cm^. 


Fig.l.  DLTS  temperature  scan 
from  a  ^®*Ir  containing  n-Si 
sample.  The  repetition  fre¬ 
quency  was  250  Hz. 


Fig. 2.  Time  evolution  of  the 
.27  eV  (□)  and  the  .50  eV  (+) 
peak  intensities.  The  results 
are  normalized  to  the  time  zero 
value  of  the  .50  eV  peak. 


‘•‘'‘'“'■'''•JlSIW'KlTt  . .  . . . . 
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The  high  temperature  peak  has  an  activation  energy  of  0.51  eV  and 
a  cross  section  of  6.7  10“^^  cm^.  As  the  ^^^Zr  isotopes  transmute 
into  ^^^os  isotopes,  the  intensities  of  the  two  main  peaks  in  Flg.l 
disappear,  but  no  new  features  appear  in  the  spectrum.  The 
disappearance  of  the  two  peaks  as  a  function  of  time  is  shown  in 
Fig. 2.  The  decay  constant  closely  matches  that  of  the  radiactlve 
decay  of  ^®®lr. 

The  results  demonstrate  unambigously  that  Ir  is  Involved  in  the 
centre(s)  giving  rise  to  these  signals.  The  fact,  that  the  intensi¬ 
ties  of  the  two  components  -  although  varying  in  different  samples 
and  diodes  by  orders  of  magnitude  -  were  always  equal,  is  a  strong 
indication  that  they  originate  from  the  same  center.  They  might  be 
the  signature  of  two  charge  states  of  the  substitutional  Ir 
impurity.  We  shall  return  to  this  point  shortly.  The  fact  that  no 
new  features  show  up  in  the  spectra,  when  the  ^®®Ir  isotopes  decay 
into  ^®®0s  strongly  suggests  that  Os  in  this  lattice  position  does 
not  produce  any  levels,  which  act  as  electron  traps,  in  the 
"visible"  part  of  the  upper  half  of  the  band  gap  of  Si  (  the 
"visible"  part  being  roughly  Eg  -  .1  to  Ej.  -  .6  eV  ).  We  intend  to 
extend  the  search  to  the  other  half  of  the  band  gap  in  a  future 
experiment. 


Fig. 3.  DLTS  scans  of  a  ^*®Au 
containing  sample  measured 
at  a  time  Interval  of  one 
year.  The  repetition  fre- 
quncy  was  250  Hz. 
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Previously,  a  brief  report  of  the  results  of  our  first 
experiments  concerned  with  Si  doped  with  ^®®Au  and  ^^^Pt  has  been 
published  [3].  Here  an  example  will  be  shown,  and  the  results  will 
be  very  briefly  reviewed. 

Fig. 3  shows  two  temperature  scans  of  a  n-Si  sample  doped  with 
^^^Au,  measured  at  a  time  interval  of  one  year  (  corresponding  to 
two  half  lives  of  ^®®Au  ) .  The  spectra  contain  two  main  peaks,  of 
which  the  high  temperature  one  disappears,  when  ^^^Au  decays  to 
^®®Pt,  and  the  low  temperature  peak  grows  in  accordingly  -  in  a  one- 
to-one  correspondence.  The  two  peaks  have  activation  energies  of 
0.55  eV  and  0.22  eV,  respectively..  The  measurements  demonstrate 
unambigously  that  Au  is  involved  in  the  center  giving  rise  to  the 
0.55  eV  level  and  that  this  center  -  when  a  Pt  atom  has  replaced 
the  Au  atom  -  gives  rise  to  the  0.22  eV  level. 

Detailed  measurements  have  shown  [3]  that  the  four  levels 
normally  assigned  to  Au  and  in  n-  and  p-Si  [4]  indeed  contain  Au 
and  Pt,  respectively.  Furthermore,  the  measurements  strongly 
suggest  that  all  four  levels  arise  from  the  same  center,  which  in 
the  case  of  Pt  is  known  to  be  a  distorted  substitutional  site  [5]. 
The  results  thus  suggest  that  the  "well-known**  Au  levels  [6]  also 
originate  from  isolated,  substitutional  atoms,  since  the  nuclear 
transmutation  is  unlikely  to  lead  to  a  site  change  of  the  daughter 
atom.  It  should  be  stressed  that  the  nuclear  decays  do  not  impart 
sufficient  energy  (  e”  <  1  eV  )  to  reimplant  the  daughter  isotopes, 
but  do,  on  the  other  hand,  permit  electronic  rearrangements  and 
eventually  distortions. 

The  results  obtained  for  Ir  does  not  allow  a  definite 
identification  of  the  center  giving  rise  to  the  signals  observed. 
However,  by  looking  at  the  decay  chain  of  ^®®Hg  it  is  clear  that  in 
a  future  experiment  the  annealing  could  be  carried  out  before  the 
decay  of  ^®’Pt,  thus  exploiting  that  the  lattice  position  of  Pt  is 
known.  It  is  even  straightforward  to  do  mixed  implantations  where 
one  or  more  isotopes  serve  as  "guards"  and  built-in  calibrations. 

Quite  generally,  the  availability  at  ISOLDE  of  many  isotopes 
of  one  element,  decaying  in  one  or  more  generations  through  other 
elements,  allow  sophisticated  identifications  of  deep  levels 
induced  by  several  elements,  if  only  the  behaviour  of  one  element 
in  the  decay  chain  (  like  here  Pt  )  is  well  understood.  He  intend 
to  exploit  this  to  study  the  deep  levels  induced  by  a  series  of  3d, 
4d,  and  5d  impurities  in  Si,  Ge,  and  SiGe  alloys  in  the  future. 

In  a  second  generation  of  experiments,  studies  of  the 
complexing  behaviour  of  impurities  in  semiconductors  can  be 
envisaged  by  making  mixed  implantations  of  more  than  one  radioac¬ 
tive  isotope. 

Several  types  of  identification  problems  in  semiconductor 
physics  can  in  our  opinion  be  solved  by  using  radioisotopes  in 
conjunction  with  sensitive  techniques,  which  do  not  require  a  large 
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number  of  centers  to  obtain  a  signal,  like  e.g.  DLTS,  EPR,  and 
photoluminescence.  Radioisotopes  of  suitable  half lives  (  days  to  a 
year  )  are  reaaily  available  for  some  thirty  elements,  and  can  be 
made  available  for  for  at  least  twenty  more  elements,  covering  all 
groups  of  the  periodic  system. 

This  work  was  supported  by  the  Danish  Accelerator  council  and 
by  the  Danish  Natural  Science  Research  Council. 
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ABSTRAC1' 

Mcnoenergetic  neutrino-recoil  aU»ns  which  originate  from  electron-capture  de¬ 
cays  can  be  used  as  primary  knock-on  atoms  for  the  production  of  isolatM  single 
Frenkel  pairs  in  semiconductors.  This  production  process  combined  with  per¬ 
turbed  angular  correlations  of  y-rsys  (PAC)  gives  a  microscopic  experimental  ac¬ 
cess  to  Frenkel  Mirs  frcmi  the  standpoint  d  toe  primary  knock-on  atom  in  other¬ 
wise  undamaged  material.  Experiments  on  nrmanium  and  BI-V  semiomductors 
are  reported  and  the  role  of  complimentary  defect-trapping  experiments  after  de¬ 
fect  production  by  electron  irradiation  is  described. 


L  Introduction 

Perturbed  angular  correlations  of  y-rays  (PAC)  has  in  recent  years  become  an  im¬ 
portant  tool  to  study  defects  in  materials,  in  particular  in  metals.  Unique  features 
of  the  technique  are  high  sensitivity  (radioactive  detection)  and  the  capalnlity  of 
obtaining  structure  information  on  an  atomic  scale.  In  semieonductois,  the  charge 
state  of  the  PAC  i»obe  atoms  will  stror^y  influence  the  measured  electric  field 
gradient  which  renders  the  techniques  simultsneously  sensitive  to  structural  and 
electronic  properties.  In  a  ’standara*  PAC  experiment  the  probe  atom  detects  de¬ 
fects  by  a  thermally  activated  trapping  process.  This  trapping  process  involves  mi¬ 
gration  of  defects  and  requires  an  attractive  potential  between  probe  and  defect 
which  in  semiconductors  may  be  suMlied  by  either  clastic  or  CtNilombic  interac¬ 
tion  or  both.  A  general  overview  on  PAC  in  semiconductors  is  given  by  Wichert  at 
this  conferenccTl]. 

We  have  recently  introduced  a  technique  which  yields  a  strictly  microso^c  pic¬ 
ture  of  Frenkel  pair  production  and  thermal  behavior  (2,3).  Instead  of  taking  the 
'standard'  PAC  probe  min  as  parent  activity  the  radioactive  precursor  mSn  is 
used.  mSn  decays  to  min  via  electron  capture  thereby  emitting  a  neutrino  with 
an  energy  of  2.5  MeV.  This  neutrino  emission  imparts  the  tiny  recoil  energy  of  2d 
eV  to  the  resulting  min  which  in  this  wm  in  addition  to  its  function  as  pn^ 
atom  becomes  the  primary  knock-on  atom  OnKA)  in  defect  producti<m.  The  low  re¬ 
coil  energy  of  29  eV  is  just  above  threshold  for  Frenkel  pair  formation  in  many  so¬ 
lids  and  one  expects  piwuction  of  single  Frenkel  pairs  with  both  Frenkel  partners 
in  close  vicinity  to  the  pro^  atom.  In  this  sense  we  bavea  truly  local  experimental 
technique  which  should  give  insight  into  the  Frenkel  p^  production  procem  and 
the  thermal  behavior  of  closely  spaced  vacancies  and  interstitials,  mfiinnation 
concerning  type  and  structure  of  a  defect  may  be  obtainabte  from  the  low  cn^y 
collision  process  in  a  solid  and  can  be  combined  with  iaibnnation  from  tranpiof 
experiments. 


2.  Experimental  Realixation 

The  neutrino  recoii  technique  starts  with  the  parent  activity  mSo.  Hie  decay 
mSn  to  min  via  electron  capture  gives  a  recoii  ene^  Elt«(^2Mc2s29cV  to 
the  min  PAC  pndie,  where  (^c3s2J5  MeVik*  is  the  imss  dtmnrencc  between 
mSnand  min  and  Mis  the  mass  of  *»In.  The  eorreym^ngnuclear  decay  sche- 
me  is  shown  in  fig.  1.  mSn  is  produced  by  a  heavy-ion  induM  nudear  metion 
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and  deeply  implanted  (pm  range)  into  anv  desired  material.  After  implantation  all 
radiation  damage  is  completely  annealed  before  the  neutrino  recoil  process  occurs. 
The  deep  implantation  is  favorable  for  annealing  procedures  on  the  one  hand  and 
on  the  other  hand  allows  work  with  low  probe  concentrations  which  can  be  kept 
below  IQi'i  cm-3.  Thus  investigations  of  semiconductors  with  doping  levels  above 
1016  cm-3  can  be  performed  without  significantly  altering  the  Fermi  level  by  the 
probe  atom  incorporation. 

The  short  half  life  of  i  •  iSn  (Ti  =35min)  followed  by  the  long  half-life  of  the  'stan¬ 
dard'  activity  1 1  lln  imposes  a  special  experimental  schedule  which  is  described  in 
[3], 


Fig.  1;  Simplified  decay  scheme  of  1 1  iSn  which  is  produced  and  implanted  by  the 
nuclear  reaction  93Nb(22Ne,  p3n)  mSn.  The  neutrino  recoil  occurs  in  the 
EC  decay  of  •  1  ISn  to  1 1  lln.. 


3.  Experimental  Results  and  Discussion 
3.1  Experiments  in  Germanium 

A  large  variety  of  PAG  experiments  have  been  performed  to  study  intrinsic  defects 
in  Germanium.  These  include  studies  with  the  neutrino  recoil  technique,  trapping 
experiments  after  electron  irradiation  and  studies  of  the  correlated  damage  after 
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probe  atom  implantation.  Some  preliminary  results  have  been  published  [4,5]  and 
a  publication  drawing  conclusions  from  all  experiments  is  presently  being  pre¬ 
pared  [6], 


3.1.1  Experiments  in  p-Germanium 

The  material  used  was  doped  with  6x1017  Ga  cm-3.  The  PAC  probe  concentration 
obtained  from  heavy-ion  recoil  implantation  was  below  10*4  cm-3,  thus  no  shift  of 
the  Fermi  level  is  expected.  Results  of  the  neutrino  recoil  process  are  shown  in  fig. 
2.  The  spectrum  measured  at  4  K  immediately  following  the  recoil  process  consists 
of  two  fractions;  fraction  (1)  with  about  12%  of  the  probes  is  decorated  with  a  defect 
characterized  by  the  quadrapole  interaction  freouency  VQ  =  e2Q(j/h  =  54  MHz 
(q=0);  a  second  fraction  (2)  displays  a  spectrum  which  is  characterized  by  a  fre¬ 
quency  distribution,  which,  however,  is  strongly  temperature  dependent  and 
changes  reversibly  with  temperature.  A  control  experiment  was  performed  with 
1 1  iln  instead  of  1 1 1  Sn  which  shows  that  fraction  (1)  with  vq  =  54  MHz  is  due  to  the 
neutrino  recoil  process.  This  defect  signal  vanishes  irreversibly  at  Ta200  K  and 
can  thus  uniquely  be  ascribed  to  an  intrinsic  defect. 

In  addition  to  these  recoil  experiments  trapping  experiments  were  also  performed. 
For  this  purpose  the  samples  were  doped  with  min  as  described  above,  furnace 
annealed  and  then  irradiated  with  2x1013  cm-2  electrons  at  1.1  MeV  energy.  Irra¬ 
diation  temperature  was  77  K.  Fi^3  shows  the  result.  Immediately  after  irradia¬ 
tion  no  defect  can  be  detected,  for  T  a  250  K,  however,  the  defect  vo  =  54  MHz  ,  al¬ 
ready  known  from  the  recoil  experiment,  is  trapped  at  the  probe.  In  this  case  the 
defect  configuration  is  stable  up  to  400  K  and  then  completely  vanishes. 

From  the  recoil  and  the  complementary  trapping  experiments  one  can  draw  the 
following  conclusion:  as  the  threshold  mr  Frenkd  pair  production  in  Ge  is  in  the 
region  15-25eV  [7],  the  defect  observed  after  recoil  must  be  one  constituent  of  a 
single  Frenkel  pair.  Since  the  stability  of  this  defect  after  trapping  is  maintained 
up  to  400  K,  the  disappearance  in  the  recoil  experiment  already  atT2200  K  must 
be  due  to  correlated  recombination  between  the  Frenkel  partners.  The  question, 
whether  the  54  MHz  defect  represents  a  vacancy  or  an  interstitial  associated  with 
the  PAC  probe  cannot  be  answered  in  a  straightforward  way:  the  microscopic 
mechanism  by  which  a  Frenkel  pair  is  created  is  not  sufficiently  well  known  for 
crystals  of  the  diamond  structure.  In  the  close  packed  fee  structure  Frenkel  pairs 
are  produced  by  replacement  collision  sequences  leading  to  a  situation  where  the 
PKA,  in  our  case  >tiSn/min,  comes  to  rest  adjacent  to  a  vacancy.  This  has  been 
shown  for  Cu  [3].  Though  the  situation  is  not  as  clear  for  Ge,  available  theory  and 
experiments  suggest  that  after  neutrino  recoil  the  min  probe  must  sit  beside  a 
vacancy  [8].  Hence,  the  results  in  p-Ge  can  best  be  described  by  vacancies  freely 
migrating  around  250  K,  the  temperature  at  which  they  are  trapped  at  i^Hn.  The 
bond  to  the  PAC  probe  is  broken  around  400  K.  Correlated  recombination  takes 
place  around  200  K  where  the  (not  visible)  interstitial  annihilates  the  vacancy. 


3.1.2  Experiments  in  n-Germanium 

The  material  used  was  doped  with  1x1013  Sb  cm-3.  it  is  remaikable  that  the  re¬ 
sults  in  n-Germanium  completely  differ  from  those  in  p-Ge  which  directly  shows 
the  influence  of  the  Fermi  level.  We  obtained  the  following  defect  signals  after 
neutrino  recoil  and  electron  irradiation: 

v  recoil:  vq  =  44MHz,  q  =  0.6; 
electron  irradiation:  vq  =  423MHz,  q  =  0. 
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Fig,  2  (left) :  PAC  spectra  after  neutrino  recoil  in  p-Ge  at  various  measuring 
temperatures.  Fraction  1  is  the  defect  signal  vQ  =  54Mhz,  ii  =  0. 
The  Dottom  spectrum  measured  Anally  at  4.2  K  shows  that  fraction 
1  has  disappeared. 


Fig.  3  (right):  PAC  spectra  in  p-Ge  after  electron  irradiation.  The  frequency 
VQ  =  54Mhz  is  also  observed  after  neutrino  recoil  (fig.  2). 

The  44  MHz  defect  has  a  rather  weak  signal  and  vanishes  between  77  K  and  room 
tenmerature.  The  423  MHz  defect  is  not  seen  after  neutrino  recoil  but  appears 
wi  w  a  large  fraction  up  to  30%  upon  annealing  above  200  K.  Since  in  this  case  re¬ 
coil  and  trapping  techique  yield  different  results,  the  interpretation  is  more  diffi¬ 
cult.  It  appears,  nowever,  from  the  strong  similarity  in  trapping  temperature  (be¬ 
tween  200  K  and  250  K)  and  thermal  breakup  (betwenn  300  K  and  400  K)  in  both 
p-  and  n-Ge,  that  the  423  MHz  defect  is  also  a  vacany-probe  complex  resulting 
from  trapping  of  a  more  negatively  charged  vacancy.  The  44  MHz  defect  resulting 
from  neutrino  recoil  might  he  due  to  a  direct  displacement  of  the  probe  to  an  inter- 
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stitial  site.  This,  however,  is  presently  only  speculative.  More  detailed  arguments 
are  given  in  [6]. 


3.1.3  Defects  from  Correlated  Implantation  Damage 

In  these  experiments  PAC  was  measured  immediately  after  implantation  of  the 
probes  in  both  p-  and  n-Ge.  Implantation  and  PAC  measurements  were  perfomed 
at  room  temperature.  The  PAC  in  both  cases  show  that  the  crystals  are  heavly  da¬ 
maged,  but  in  p-  as  well  as  in  n-type  material  small  fractions  of  the  54MHz  and  the 
423  MHz  defect  appear  simultaneously  in  sharp  contrast  to  the  experiments  de¬ 
scribed  above.  This  is  a  result  similar  to  the  result  recently  communicated  by 
Feuser  et  al.  [9],  where  in  all  cases  high  min  concentrations  and  heavy  radiation 
damage  were  present.  We  assume  that  the  strong  inhomogeneities  in  the  implan¬ 
tation  experiments  can  account  for  the  simultaneous  appearance  of  the  di^erently 
charged  probe-vacancy  pairs. 


3.2  Experiments  in  Ill-V  Semiconductors 

Rather  intensive  research  has  been  carried  out  to  produce  Frenkel  defects  in  the 
ni-V  semiconductors  InP  and  InSb  by  the  neutrino  recoil  technique.  Conventional 
trappin."  experiments  with  min  cannot  be  carried  out  in  these  compounds  since 
the  prob«.  atom  In  is  a  constituent  of  the  compounds  and  therefore  does  not  repre¬ 
sent  a  trap  for  defects.  Threshold  enermes  given  in  the  literature  are  around  6-10 
eV  [8],  so  one  expects  Frenkel  pair  production  by  the  29  eV  recoil  energy  imparted 
to  I  nin  in  the  recoil  experiment.  However,  in  none  of  these  materials  regardless  of 
the  type  of  conduction  a  neutrino  recoil  induced  defect  could  be  observed  so  far. 
One  possilbe  explanation  is  that,  starting  from  the  In-sublattice  where  the  min 
and  also  1 1  ISn  are  expected  to  reside  prior  to  neutrino  recoil,  no  stable  defect  con¬ 
figuration  exists.  Further  research  devoted  to  this  problem  is  in  progress. 


4.  Conclusion 

The  neutrino  recoil  in  combination  with  PAC  yields  insight  into  production  and 
thermal  behavior  of  Frenkel  pairs  at  an  atomic  level  which  incluaes  information 
on  both  vacancy  a^  interstitial.  Its  capability  to  help  identifying  defects  as  in¬ 
trinsic  is  of  special  importance  in  semiconductors.  The  technique  of  introducing 
radioactive  probes  by  nuclear  reactions  and  recoil  implantation  permits  low  probe 
concentrations  (less  than  IQi'l  cm-3).  Detailed  information  on  point  defects  is  ob¬ 
tained  when  the  neutrino  recoil  technique  is  combined  with  the  'standard*  tech¬ 
nique  of  trapping  irradiation  induced  defects  at  the  nuclear  probes.  It  is  concluded 
that  two  dinerent  defects  detected  by  PAC  in  germanium  under  various  experi¬ 
mental  conditions  result  from  the  accociation  of  the  probe  with  differently  charged 
vacancies. 
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ABSTRACT 

The  application  of  nmon  level-crossing  resonance  (/tLCR)  and  IlF  innon-spin  resonance  (RF-;iiSR)  in 
investigations  of  the  defect  states  and  reactions  of  inuoniuin  in  semiconductors  is  discussed.  Spectra 
from  /tLCR  were  crucial  in  identifying  the  bond-centeied  position  as  the  stable  neutral  defect  state 
for  mnoniuni  in  GaAs  and  Si.  RF-/tSR  has  yielded  leaction  rate  paiameters  for  muonium  site-change 
and  charge-slate  reactions  in  Si. 

/ 

/ 

1.,  INTRODUCTION 

The  muonium  defect  center  in  semiconductors  is  expected  to  be  identical  to  the  hydrogen  center, 
except  for  vibrational  effects  due  to  the  mass  difference.  Indeed,  much  of  the  current  experimen¬ 
tal  knowledge  of  isolated  H  impurities  is  from  investigation  of  the  muonium  analog.  Traditional 
time-differential  muon-spin-rotation  (TD-pSR)  measurements’  have  established  two  neutral  isolated 
muonium  centers  in  tetrahedrally  bonded  semiconductors:  an  isotropic  state,  known  as  Mu  in  the 
pSR  literature,  assigned  to  tetrahedral  interstices  (T);  and  a  near  bond-center  state  (BC),  labeled  as 
anomalous  muonium  Mu*.  Here  we  discuss  two  modem  muon  spectroscopic  methods  which  have  con¬ 
tributed  significantly  to  our  understanding  of  muonium  centers  in  semiconducting  materials.  These 
are  muon  level-crossing  resonance  (/iLCR),'’  which  was  crucial  in  identifying  Mu*  as  Mu(BC),'’’'' 
and  an  RF  resonance  technique  (RF-/<SR)®  recently  applied  to  the  study  of  muonium  charge-state 
reactions. 

As  applied  at  TRIUMF.  both  of  these  techniques  use  integral  decay  positron  counting  methods  to 
measure  variations  of  the  time-integral  muon  decay  asymmetry  (proportional  to  the  time-averaged 
muon-spin  polarization)  as  a  function  of  a  control  parameter,  typically  the  magnetic  field.  A  generic 
experimental  arrangement  for  such  measurements  is  depicted  in  figure  1.,  The  muon  beam  is  spin 
polarized  opposite  to  the  momentum  and  the  (longitudinal)  magnetic  field  is  applied  parallel  to  the 
\  initial  polarization  direction.  The  backward  and  forwaid  positron  counters  record  decay  rates  for 

positrons  emitted  parallel  and  antiparallel  to  the  initial  muon  polarization.  The  asymmetry  is  then 
the  normalized  difference  of  these  two  muon  decay  rates.  For  typical  longitudinal  field  situations  the 
muon  polarization  is  retained  except  under  technique-specific  resonant  conditions  discussed  below. 
Neithei  /iLf'R  nor  RF-/(.SR  is  dependent  on  letenlion  of  muon  spin  phase  coherence,  and  are  therefore 
much  more  sensitive  to  final  states  of  any  reaction  than  are  TD  spin- precession  measurements. 

2.  LEVEL-CROSSING  RESONANCE:  Identification  of  Mu(BC) 

Results  from  /iLCR  in  GaAs®  and  in  Si*  have  been  crucial  in  the  identification  of  the  BC  state®'^ 
as  the  stable  state  for  isolated  muonium  (and  hydrogen)  in  these  systems.  We  have  subsequently 
applied  /iLCR  to  the  study  of  both  Mu(BC)  and  Mu{T)  states  in  a  number  of  semiconductor  hosts. 
This  method  takes  advantage  of  state  mixing  which  occurs  to  avoid  the  crossing  of  two  energy  levels, 
in  particular  it  measures  the  loss  of  polarization  when  muon  spin  states  are  mixed  in  avoiding  a 
crossing.  In  muonium  spectroscopy  the  Im^.m^)  =  |-1--1-)  and  the  a|-|--)-|-b| --f-)  states  are  involved 
in  the  avoided  crossing.  When  interactions  of  muonium  with  a  neighboring  nucleus  are  included. 
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each  level  is  split  by  the  nuclear 
spin  states  and  associated  hyper- 
fine  and  quadrupole  terms.  The 
level  crossings  for  the  combined 
system  are  avoided  by  state  mix¬ 
ing,  leading  to  reduced  muon  po¬ 
larization  and  decay  asymmetry 
for  the  specific  magnetic  fields 
where  the  zero’th  order  levels 
would  have  crossed.  The  positions 
of  the  LCR  lines,  thus,  carry  in¬ 
formation  on  the  nuclear  hyper- 
fine  interaction  between  the  muo- 
nium  and  coupled  neighboring  nu¬ 
clei.  Line  positions  are  ^liso  shifted 
by  the  nuclear  quadrupole  inter¬ 
action,  which  helps  in  identifying 
the  nucleus.  Information  obtain¬ 
able  from  ^LCR  is,  therefore,  very 
similar  to  that  from  a  double  res¬ 
onance  experiment  such  as  EN- 
DOR.  For  an  anisotropic  center 
like  Mu’,  LCR  spectra  taken  with 
a  single  crystal  sample,  aligned 
with  the  field  along  each  of  several 
high-symmetry  directions,  allows 
full  determination  of  the  nuclear 
hyperfine  and  quadrupole  tensors. 
In  turn,  these  yield  the  geometry 
of  the  defect  state  and  the  asso¬ 
ciated  electronic  spin  density  on 
each  nucleus,  including  the  muon. 

Figure  2  shows  a  set  of  /iLCR  spectra  for  Mu*  in  GaAs.®  A  flip-coil  field  modulation  technique  was 
used,  giving  the  typical  derivative  lineshapes.  The  dominant  /tLCR  lines  are  all  from  one  As  and 
one  Ga  position  along  the  (111)  symmetry  axis  of  Mu’  with  83%  of  the  spin  density  on  these  two 
atoms,  conclusively  confirming  the  near  BC  model  for  this  center.  A  simultaneous  fit  of  all  observed 
near-neighbor  lines  yielded  the  parameters  listed  in  table  1.  Careful  TD-/iSR  measurements  reveal 
resolved  hyperfine  spin-precession  spectra  in  excellent  agreement  with  the  ^LCR  parameters,  further 
verifying  this  assignment.  A  .similar  series  of  /tLCR  measurements  on  Mu’  in  Si  yield  proof  of  the 
BC  model  in  that  case,  as  well."*  The  resulting  parameters  for  bond-centered  Mu’  in  Si  are  also 
listed  in  table  1 . 

Muon  level- crossing  spectroscopy  has  proven  to  be  invaluable  in  identifying  the  geometries  of  isolated 
muonium  defect  centers  in  semiconductors.  In  a  slightly  different  form,  /iLCR  spectra  from  the 
interaction  of  muon  spin  states  and  impurity  nuclear  quadrupole  levels  are  proposed  as  a  means  of 
observing  muonium-impurity  pair  formation.® 

3.  RF  MUONIUM  SPECTROSCOPY:  Charge-state  reactions 

RF  spectro.scopic  methods,®  similar  to  cw  NMR,  have  been  applied  at  TRIUMF  to  the  study  of 
isolated  muonium  centeis  in  semiconductors,  most  recently  to  muonium  charge-state  reactions  in 
Si  and  Ge.  The  apparatus  a.s  currently  operated  for  semiconductor  experiments  uses  a  high  power 
( IkW)  broadband  { l0-250MHz)  RF  amplifier  driving  a  specially  designed  non-resonant  coil  matched 
to  a  50  Ohm  transmission  line.  The  coil  design  allows  full  use  of  the  muon  beam  intensity  onto  a 
sample  of  up  to  2.5 X 3cm  cross  section.  The  broadband  features  allow  maximum  flexibility  in  either 
the  constant-frequency,  swept-field  mode,  or  with  swept  RF  frequency.  Figure  3  shows  the  three  RF 
signals  for  silicon,  used  to  monitor  the  Mu,  Mu’,  and  diamagnetic  ionized  (/<+)  states. 


Figure  1.  Geometry  for  an  integral  /(SR  experi¬ 
ment  After  the  incoming  muon  stops  in  the  sample 
it  precesses  in  the  effective  field  until  it  decays  into  a 
positron  The  positron  emerges  preferentially  along 
the  spin  direction  of  the  muon  theieby  allowing  the 
polarization  of  the  muon  to  be  measured  along  the 
axes  of  the  e^  counters.  The  field  in  which  the  muon 
precesses  comes  from  the  varying  off  resonance  con¬ 
tribution  of  the  control  parameter  Aw  and  the  driving 
field  B/,  which  arises  from  hyperfine  interactions  in 
the  LCR  case,  or  an  external  RF  field  for  RF-/iSR. 
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In  previous  studies  of  muonium 
in  silicon,*  reactions  have  been 
identified  with  major  changes  in 
the  TD-^SR  signals  as  a  function 
of  temperatuie.  The  Mu*  relax¬ 
ation  rate  increases  rapidly  above 
120K  and  the  signal  disappears 
at  about  150K,  This  fraction  of 
the  signal  strength  is  recovered 
in  the  signal  by  about  200K. 
Since  both  signals  are  identified  as 
coming  from  the  BC  site,'*’®  this 
Mu*  /i'*'  reaction  is  assigned  to 
Mu(BC)-»Mu'''(BC)  ionization.  A 
fit  to  the  Mu*  relaxation  increase 
u-sing  a  thermally  activated  pro¬ 
cess  gives  an  energy  of  0.168eV 
and  a  prefactor  of  9.5xl0**s“*. 
A  second  charge-state  reaction  is 
seen  in  the  disappearance  of  the 
Mu  signal  near  270K  and  the  sub- 
seq\ient  recovery  of  that  fraction 
of  the  intensity  near  600K.  At¬ 
tempts  to  obtain  rate  parame- 
2-9  3  3.1  3.2  3.3  ters  for  this  reaction  yield  sample- 

FIELD  (TESLA)  dependent  results,  suggesting  that 

the  rate-limiting  step  may  be  de- 
Figure  2,  The  level-crossing-resonance  spectra  of  pendent  on  some  sample  property 

Mu*  in  GaAs  for  B  applied  along  the  (a){100>  and  such  as  impurity  content  or  strain. 

(b)(110)  directions  The  resonances  are  labeled  by  reaction  most  likely  involves 

the  nucleus  involved,  the  sign  of  M,,  and  0,  the  angle  ^  change  as  well  as  ionization, 

between  the  symmetry  axis  and  the  magnetic  field  TD  relaxation  data  for  the 

isotropic  state  Mu  in  the  sample 
used  for  the  RF-measurements  indicate  a  slow  process  with  a  prefactor  of  6.5xl0*s“*  and  a  0.11'ieV 
barrier.  The  results  from  TD  measurements  in  Ge  are  slightly  different  with  both  muonium  signals 
disappearing  near  lOOK  and  the  recovery  of  intensity  in  the  diamagnetic  signal  showing  a  single  step, 
centered  between  220  and  300K  depending  on  the  sample,* 

RF  methods  detect  all  the  muons  in  a  given  state,  while  TD  methods  require  that  the  spin  polarization 
and  phase  be  retained  during  any  reaction  into  that  state.  Given  these  differences  and  the  TD  data, 
the  RF  /i'*'  intensity  should  show  steps  near  150  and  270K.  A  few  /t'*'  data  points  obtained  during 
RF  development  runs*®  indicate  that  the  Mu*  intensity  is  recovered  by  185K  and  that  by  317K  all 
the  muons  contribute  to  the  diamagnetic  signal. 

Table  1.  Hyperfine  and  quadrupole  parameters  for  Mu(BC)  in  GaAs  and  Si  (from  refer¬ 
ences  3  and  4  respectively),  and  the  resulting  spin  densities  on  each  nucleus. 


Si-Mu-Si 


0.0151 

0.0207  0.186 


RF  M*  Amplitude  RF  Mu,  Mu*  Asymmetry 
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Figure  4  displays  the  RF-/iSR  in¬ 
tensity  of  n'*'  as  a  funrtion  of 
temperature  in  both  Si  and  Ge. 
The  origin  of  the  lowest  temper¬ 
ature  step  for  Si  is  not  yet  un¬ 
derstood  since  no  changes  in  the 
neutral  muonium  signals  are  cor¬ 
related  with  this  feature.  Above 
80K  the  data  are  more  or  less  as 
expected,  and  the  appropriate  re¬ 
ductions  in  muonium  signals  are 
seen  for  the  higher  temperature  /i’*' 
features.  Relative  step  sizes  indi¬ 
cate  that  the  Mu*  fraction  is  re¬ 
covered  by  150K  and  the  150-300K 
increase  represents  the  initial  Mu 
fraction.  However,  this  latter  in¬ 
crease  appears  to  be  more  com¬ 
plicated  than  anticipated  from  the 
TD  data,  and  may  require  two  pro¬ 
cesses.  Table  2  lists  the  rate  pa¬ 
rameters  from  a  preliminary  fit  of 
the  RF-/tSR  data  in  Si  using  a  sin¬ 
gle  process  for  each  feature. 

In  modeling  the  temperature  de¬ 
pendence  above  80K  we  start  from 
the  simplest  picture  consistent 
with  earlier  data,  using  only  neu- 
1940  1960  1980  2000  2020  2040  2060  tral  and  positively  charged  states 

Magnetic  Field  (G)  at  the  T  and  BC  sites.  A 

more  complete  picture  involving 
Figures.  RF#iSR  spectra  in  Si  The  upper  diagram  the  negative  charge  state  (stable 

shows  lines  of  the  two  paramagnetic  centers,  taken  at  the  T  site)  is  used  in  explain- 

with  swept  frequency,  while  the  lower  curve  shows  ing  the  recent  E3*  DLTS  anneal- 

a  typical  diamagnetic  field  scan  The  very  narrow  ing  data  of  Holm  etal."  With 

2-quantum  line  of  the  Mu  center  is  du<*  to  a  simul-  the  simpler  picture  we  have  repro- 

taneous  electron-muon  flip  and  it  sits  atop  the  two  duced  the  observed  tempera- 

single  quantum  transitions  ture  dependence  assuming  all  reac¬ 

tion  paths  into  the  Mu'''(BC)  state 
are  active  and  each  of  the  three  local  minima,  Mu(T),  Mu(BC)  and  Mu'''(BC),  are  initially 
populated  in  ratios  found  from  low  temperatuv’  TD  measurements.  These  reaction  paths 
are:  1)  Mu(BC)-*Mu‘*'(BC)-l-ec,  2)  Mu(T)-*Mu{BC)  followed  by  rapid  ionization,  and  3) 
Mu(T)-*Mu'*’(T)-t-ee  followed  by  a  site  change.  A  simulation  using  the  rate  parameters  from 
the  Mu"  TD  results  reproduces  the  150K  step  in  the  RF  intensity  reasonably  v.  ->11.  However,  a  fit 
to  this  region  yields  a  barrier  which  is  50%  higher  with  a  correspondingly  higher  prefactor.  On  the 
other  hand,  the  disappearance  of  the  Mu’  RF-signal,  which  is  clearly  correlated  with  the  150K 
step,  gives  a  much  lower  barrier.  Our  preliminary  rate  parameters  for  this  step  are  characteristic 
of  an  optical  process,  consistent  with  simple  ionization.  The  higher-temperature,  broad  /i'*'  intensity 
increase  can  be  roughly  reproduced  by  a  single  slow  process  giving  the  parameters  in  the  table.  When 
two  processes  are  used,  interaction  between  parameters  leads  to  fit  instabilities.  If  one  rate  is  kept 
slow  to  be  consistent  with  the  TD  data  for  the  Mu  signal,  the  other  process  is  fast  in  keeping  with 
reaction  paths  2)  and  3)  above.  The  density  of  the  current  RF  data  is  insufficient  to  cleanly  separate 
the  Mu—  n*  transition  into  two  well  defined  reaction  paths,  and  additional  investigation  is  planned. 
We  have  also  fit  the  disappearance  of  the  RF  signal  for  Mu,  which  is  associated  with  the  broad  p"*" 
feature,  and  obtain  a  very  low  energy  barrier.  The  disappearance  of  both  neutral  muonium  features 
give  much  lower  barriers  than  the  associated  increase  in  the  diamagnetic  signal  strength.  We  do  not 
have  a  satisfactory  explanation  for  this  result  at  present.  There  are  now  several  separate  data  sets 
yielding  information  on  the  dynamics  of  charge-state  reactions  of  muonium  in  silicon.  The  general 
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features  remain  consistent  with  the 
Mu*  -♦  and  Mu—*  /r'*'  as¬ 
signments  from  the  TD  data.  A 
dettiiled  description  of  these  reac¬ 
tions  will  have  to  take  into  account 
the  differences  in  measurement 
techniques  and  resulting  rate  pa¬ 
rameters.  A  simple  comparison  of 
parameters  suggests  the  presence 
of  intermediate  steps,  such  as  the 
T-tBC  site  change  (Mu->Mu*)  in¬ 
ferred  from  the  slow  Mu- related 
processes. 

The  main  difference  between  our 
picture  and  that  of  Holm  etal^’  is 
the  presence  of  Mu"(T)  in  their 
model.  While  all  of  the  existing 
^SR  data  are  consistent  with  the 
two  charge-state  model,  the  dia¬ 
magnetic  muon  signal  could  come 
from  either  Mu"*"  or  Mu"  in  any 
site.  In  assigning  this  sign^ 
to  Mu'''(BC)  we  rely  heavily  on 
positron  channeling  results^  and 
theoretical  models  which  give  the 
BC  site  as  the  stable  state  for  H'*'. 
It  is  possible  that  some  of  the  n'* 
signal  could  be  from  Mu"(T).  The 
easiest  way  to  incorporate  this  into 
Figure  4.  RF  diamagnetic  amplitudes  in  high  resis-  would  be  for  the  direct 

tivity  Si  and  Ge.  The  curve  through  the  Si  data  is  Mu(T)  ionization  to  be  an  elec- 

a  fit  to  three  activated  processes,  while  that  through  tron  capture  process;  a  site  change 

the  Ge  points  is  simply  a  guide  to  the  eye  The  RF  would  ^en  not  be  expected  to  fol- 

data  here  is  indicative  of  final  state  occupation  the  ^ 

diamagnetic  state.  annealing  data  yield 

very  similar  energy  parameters, 
however  the  reaction  assignments  are  quite  different.  At  present  a  consistent  picture  combining 
the  hydrogen  and  muonium  results  in  silicon  is  not  obvious,  thus,  we  have  chosen  to  interpret  the 
muonium  results  using  a  simple,  internally-consistent  model. 


Table  2.  Rate  parameters  from  preliminary  fits  to  RF-/iSR  data  in  Si  and  assignment  of 
the  rate-limiting  step  of  each  process. 


Reaction 

Step 

RF 

Feature 

Temperature 

(K) 

rrefactor 

(s-') 

Barrier 

(eV) 

Unassigned 

fi*  step 

50 

6x  10® 

0.032 

Mu(BC)-Mu+(BC) 

p"*"  step 

135 

5.2  X  10'® 

0.284 

Mu’  decrease 

140 

0.101 

Mu(T)->Mu{BC)  fi'*'  increase 
Mu  decrease 


2.50 

250 


6  X  10® 


0.153 

0.029 
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The  RF  intensity  of  the  /i"*"  signal  in  Ge  is  also  shown  in  figure  4.  The  most  striking  difference 
between  the  Ge  and  Si  data  is  the  drop  in  diamagnetic  signal  strength  above  240K  seen  for  Ge. 
This  is  a  clear  indication  of  a  reaction  out  of  the  ionized  state  at  higher  temperatures.  This  result 
represents  a  major  difference  in  the  dynamics  of  muonium  in  Ge  as  compared  to  Si,  and  was  not 
anticipated  from  the  TD  measurements.  Since  many  hydrogen-impurity  passivation  reactions  are 
thought  to  occur  via  Coulomb  capture  processes,  the  disappearance  of  ionized  states  of  muonium 
below  room  temperature  in  Ge  offers  a  possible  explanation  of  the  reduced  effectiveness  of  hydrogen 
passivation  in  Ge  as  compared  to  Si. 

4.  CONCLUSION 

In  conclusion,  we  have  demonstrated  the  usefulness  of  fiLCK  and  RF-/tSR  integral  methods  in 
the  study  of  muonium  states  and  reactions  in  semiconductors.  These  methods  will  continue  to  be 
developed  and  modified,  yielding  detailed  information  on  the  muonium  analog  of  the  hydrogen- related 
defects  in  these  materials,  and  have  a  particularly  significant  role  with  respect  to  isolated  hydrogen 
and  the  early  stages  of  the  developmeiu  of  hydrogen-related  complexes.  We  have  examined  the 
charge-state  reactions  of  isolated  muonium  in  Si  and  Ge  using  RF  methods  in  conjunction  with  earlier 
TD  measurements,  and  expect  to  expand  such  investigations  to  other  muonium  reactions.  Progress 
to  date  establishes  integr  j  RF-/iSR  methods  as  a  means  to  examine  the  final  states  of  muonium 
reactions  in  semiconductors,  yielding  information  on  reaction  dynamics  which  is  complimentary  to 
that  from  traditional  time-differential  techniques. 

This  work  was  supported  in  part  by  grants  from  the  Robert  A.  Welch  Foundation  (C-1048,  D-1053, 
and  D-1167),  the  United  States  National  Science  Foundation  (DMR-8917639),  the  National  Research 
Council  and  the  National  Science  and  Engineering  Research  Council  of  Canada. 
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Abstract 


The  lattice  positions  of  implanted  positive  muons  (/i"*")  in  intrinsic  semiconductors 
(Si,  GaAs,  InP)  have  been  investigated  by  /^decay  positron  channeling  at  temperatures 
ranging  from  95  K  to  400  K.  In  high  purity  float-zone  (FZ)  Si  a  metastable  (i  site  is 
observed;  Below  200  K,  the  pattern  is  consistent  with  a  fraction  of  40%  near  a  BC 
(bond-center)  site  and  60%  near  a  T  (tetrahedral)  site.  Above  200  K,  the  T-like  fraction 
undergoes  a  transition  to  the  BC-like  site,  where  virtually  all  muons  are  located  above 
300  K.  By  comparison  with  muon-spin-rotation  (/rSR)  measurements,  these  sites  can  be 
associated  with  the  known  paramagnetic  muonium  states  observed  in  numerous 

semiconductors:  the  metastable  site  corresponds  to  the  isotropic  state  (Mu),  the  BC-like 
configuration  is  the  stable  site  for  both  the  anisotropic  state  (Mu*)  at  low  temperatures 
as  well  as  the  final  ionized  state  (’/r'*'’)  higher  temperatures.  In  GaAs,  there  is  evidence 
for  a  similar  metastability.  In  InP,  a  stable  near-BC  configuration  is  observed  throughout 
the  temperature  range  investigated.  Thus  a  BC-like  configuration  is  found  to  be  most 
stable  in  all  measurements. 


1  Introduction 


During  the  thermalization  process  of  low  energy  (4  MeV)  positive  muons  {(i^)  in  solids  radiation 
damage  is  very  low,  yielding  stopping  sites  far  away  from  induced  defects  [1].  Thus  the  /i-decay 


(1) 


allows  in  principle  a  one-by-one  observation  of  an  isolated  single  charge  in  an  otherwise  un¬ 
perturbed  lattice  environment.  Since  bound  states  p^e~  (muonium)  in  semiconductors  were 
discovered  [2],  detailed  information  on  the  hyperfine  structure  of  muonium  centers  has  been 
obtained  by  means  of  the  muon-spin-rotation  (/rSR)  technique  (1).  In  spite  of  the  conceptual 
simplicity,  these  centers  turned  out  to  be  rather  complex:  At  low  temperatures,  two  param¬ 
agnetic  states  coexist  in  a  number  of  semiconductors  (e.g.  Si,  Ge,  GaAs,  GaP):  a  so  called 
’’normal”,  isotropic  state  (Mu)  and  an  "anomalous”,  strongly  anisotropic  state  (Mu*)  with 
trigonal  symmetry.  In  the  normal  state  the  small  hyperfine  coupling  (e.g.  45%  of  the  vacuum 
value  in  Si)  indicates  a  substantial  delocalization  of  the  unpaired  electron  spin  density.  In  the 
anomalous  state  the  electron  spin  density  at  the  muon  is  very  close  to  zero.  The  diamagnetic 
fraction  is  usually  small  at  low  temperatures.  At  higher  temperatures,  the  paramagnetic  signals 
disappear  and  subsequently  the  diamagnetic  fraction  increases  to  almost  100%. 

During  the  last  decade,  numerous  theoretical  and  computational  studies  of  a  single  charge  in 
a  diamond  or  zincblende  structure  were  performed.  However,  many  inconsistent  results  were 
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obtained.  Only  in  the  last  few  years  the  calculations  (see,  e.g.  [3])  tend  to  confirm  a  model  based 
on  qualitative  arguments  by  Cox  and  Symons  [4]:  it  is  generally  agreed  that  Mu*  is  located 
near  the  bond  center  (BC)  of  two  adjacent  host  ions,  and  Mu  is  trapped  in  a  T  (tetrahedral) 
cage.  Experimentally,  a  near-BC  site  in  Si  is  supported  by  a  pSR/LCR  measurements  [5], 
and  a  T-like  site  is  found  for  the  tw''  Mu  states  observed  in  CuCl  [6].  However,  details  of 
the  local  geometry  are  still  unclear,  and  the  quantitative  agreement  between  calculations  and 
experiments  is  incomplete. 

Beside  the  fundamental  interest  in  the  investigation  of  a  simple  defect,  the  problem  of  hydro¬ 
gen  in  semiconductors  is  of  great  technological  interest  because  of  its  strong  interaction  with 
defects,  such  as  passivation  of  shallow  and  deep  impurities  [7].  With  standard  experimental 
techniques  the  observation  of  isolated  paramagnetic  hydrogen  centers  in  semiconductors  is  dif¬ 
ficult.  However,  except  for  the  dynamical  properties,  muonium  is  expected  to  be  an  almost 
equivalent  hydrogen  substitute  (the  reduced  mass  differs  by  only  0.4%). 

In  addition  to  the  study  of  hyperfine  interactions,  the  /i-decay  positrons  can  be  used  for  blocking 
experiments  yielding  direct  information  on  the  muon  lattice  sites.  In  the  following,  we  describe 
the  experimental  setup  for  /r-decay  positron  blocking  experiments  and  present  results  obtained 
for  intrinsic  semiconductors. 


Figure  1:  Schematic  representation  of  the  fije  channeling  experiment.  A  significant 
event  is  defined  by  the  trigger  condition  (Ai  +  A2)  -  Tj  •  •  T2.  The  direction  of  the 

positron  path  compared  to  the  decay  channel  is  determined  by  two  successive  2D 
multiwire  proportional  chambers  (MWPCl  and  MWPC2). 
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2  Experimental  setup  and  data  analysis 


The  experimental  setup  is  shown  schematically  in  Pig.  1.  The  experiments  were  done  at  the 
Paul-Scherrer-Institute  (PSI)  in  Switzerland,  using  a  high  intensity  low  energy  muon  beam 
(E^  2:  4  MeV,  rate  ~  8  x  10*  5~*)  for  the  implantation.  Because  of  a  critical  dechanneling 
length  of  only  about  30  pm  in  the  sample,  the  muons  were  carefully  degraded  to  a  mean 
range  of  about  20  pm.  In  order  to  use  the  whole  beam  spot  area  («  10  cm*}  without  loosing 
resolution,  the  sample  wafers  were  spherically  bent  with  a  3.4  m  radius  of  curvature.  At  the 
center  of  the  sphere,  the  decay  positrons  were  recorded  with  a  2D  multi-wire  proportional 
chamber.  Scintillation  counters  were  used  to  define  the  observed  solid  angle  and  to  trigger  the 
chamber  readout.  To  reduce  multiple  scattering  in  a  surface  condensate,  the  target  n^on  and 
the  positron  path  were  evaporated  and  surrounded  by  cryogenic  shields  kept  at  about  80  K. 
The  sample  temperature  could  be  varied  betvreen  95  K  and  400  K. 

The  obtained  2D  histograms  were  smoothed  and  projected  along  the  crystal-plane-<hamber 
intersection  line  in  question.  The  amplitude  of  channeling/blocking-effects  observed  was  about 
5%  in  maximum.  Obviously  several  sources  contribute  to  a  reduction  of  the  channeling  effect 
and  to  a  smooting  of  the  experimental  dip/peak-shape:  multiple  electron  scattering  tA  the 
positrons  along  its  path  between  planes,  scattering  at  other  crystal  defects,  the  non  perfect 
spherical  shape  of  the  samples,  multiple  scattering  outside  the  sample,  etc. 

The  experimental  one-dimensional  particle  flux  histograms  were  compared  with  simulated  pla¬ 
nar  profiles.  The  simulations  done  in  this  work  are  based  on  (t)  a  multiplane  continuum  i^prox- 
imation  of  the  potentials,  and  (ii)  the  assumption  of  statistical  equilibrium  in  the  transverse 
phase  space  [8].  The  nonrelativistic  transverse  motion  of  the  relatively  heavy  p-decay  positron 
73)  is  assumed  to  be  classical.  Based  on  these  assumptions  the  relative  positron  yield  (for 
equally  spaced  planes)  is 

n(£x)  =  io/  dxf(Ej.,x)p^[z),  (2) 

where  Lo  is  the  plane  distance  and  p„(z)  is  the  muon  position  distribution.  The  equi¬ 
librium  distribution  of  particles  with  energy  J5x  in  the  transverse  space  is  given  by 
/(Ex,®)«  Ity/Ei.-  V'(i),  which  is  evaluated  using  thermally  averaged  planar  Doyle/Tumer 
potentials  V(f )  [9] .  The  final  yield  of  positrons  with  kinetic  energy  Eo  uid  tilt  ang^  ip  relative  to 
the  planes  is  obtained  by  integrating  over  the  distribution  of  transverse  energies  p{£jt,  z): 


=  J  dB^9{E^,Eoi>\z)PriE^), 

(3) 

j(£x,£^!^*,0)  =  -  Soil>% 

(4) 

where  L{E)  is  the  accessible  interval  of  a  positron  with  transverse  energy  E.  Decbanneling 
inside  the  sample  has  been  included  by  modifying  9[Ei,z)  with  increasing  depth  according  to 
the  increase  of  the  mean  planar  angular  spread  due  to  multiple  electron  scattering.  The  result 


IS 


^  ^  J  JhirE^{z)Ej. 


exp 


2E^ 


■exp  — 


+  i/Ex)* 


2E4 


(5) 


The  dechanneling  energy  £s(s)  is  proportional  to  the  path  length.  In  the  Beihe-Bloch  appro¬ 
ximation  we  estimate  dEjIdz  %  0.7  eV//tm  in  Si.  Since  other  perturbations  mentioned  above 
are  not  included,  we  expect  to  reproduce  the  characteristics,  but  not  the  .magnitude  and  details 
of  the  line  shape.  To  avoid  very  time-consuming  calculations,  further  assumptions  are  made: 
(i)  a  fixed  positron  path  length  *>{  15  pm,  and  (ii)  a  fixed  positron  energy  of  37  MeV. 
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Figure  2:  Intensity  plot  of  the  /i-decay  positron  flux  emerging  from  FZ  silicon  around 
a  (110)  direction  (dark  and  light  features  correspond,  respectively,  to  high  and  low 
counting  rates).  The  observed  muon  site  transition  occurs  between  200  K  and  300  K. 


3  Results  and  Discussion 


Some  preliminary  results  of  the  experiments  presented  here  were  already  reported  in  [10].  In 
Fig.  2  positron  flux  histograms  for  float-zone  (FZ)  silicon  are  shown.  At  300  K  blocking  of  the 
(lll)-planes  is  clearly  visible.  Minor  features  are  due  to  the  (110)-  and  (113)-planes.  At  100  K 
the  effect  of  the  (lll)-planes  is  opposite:  the  positrons  are  now  channeled  along  these  planes, 
indicating  a  different  muon  site.  Small  effects  come  from  the  (001)-  and  (113)-planes..  The  site 
transition  occurs  between  200  K  and  300  K.. 

In  comparison  to  the  spectroscopic  data  the  positional  transition  is  correlated  to  the  disap¬ 
pearance  of  Mu.  We  conclude  that  Mu  is  a  bistable  defect  in  Si:  the  charge  state  transition 
Mu  -♦  (Mu)*  [11]  is  related  to  a  site  transition.  At  lower  temperatures,  the  muon  sites  are 
not  affected  during  the  '•harge  changing  reaction  Mu*  — >  (Mu*)*  [11]  ..  We  conclude  that  the 
Mu*-location  is  stable  for  both  the  neutral  and  an  ionized  charge  state. 

In  order  to  identify  the  different  sites,  the  temperature  dependence  of  the  different  muonium 
fractions  states  have  to  be  taken  into  account.  A  good  qualitative  agreement  (Fig.  3)  is  obtained 
with  the  following  configurations:  (i)  a  superposition  of  a  near-BC  fraction  (40%)  and  a  near-T 
fraction  (60%)  at  100  K,  and  (ii)  a  single  near-BC  site  at  300  K.  In  detail,  the  T-site  is  displaced 
towards  the  anti-bondig  (AB)  site  by  0.56  A  with  a  gaussian  distribution  width  of  0.7  A.  This 
result  confirms  recent  calculations  [12]  which  found  a  local  minimum  of  the  adiabatic  energy 
surface  at  a  displaced  T  site  (simultaneously  the  observed  large  reduction  of  the  electron-spin 
density  was  obtained)..  The  measurements  also  qualitatively  agree  with  recent  calculations 
finding  the  global  minimum  of  the  total  energy  at  the  BC  site  [13],  for  both  the  neutral  and 
the  positive  charge  state.  In  these  (and  most  other)  calculations  the  muon  is  well  localized 
at  the  center  of  a  strongly  relaxed  Si-Si  bond.  However,  our  measurements  clearly  indicate  a 
motion  of  the  muon  in  the  mid  plane  between  two  adjacent  Si  hosts,  a  possible  configuration 
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also  discussed  in  [4].  In  our  simulation  (Fig.  3)  the  BC  site  is  displaced  by  0.5  A  perpendicular 
to  the  bond  and  a  rotation  around  the  bond  is  assumed. 


TILT  ANGLE  [DEG] 

Figure  3:  Comparison  of  measured  and  simulated  planar  /z-decay  positron  yields  in 
Si:  at  300  K  the  simulation  corresponds  to  a  single  near-BC  site,  at  100  K  a  near-BC 
(40%)  and  a  near-T  (60%)  component  are  superimposed  (see  text). 

In  GaAs  also  a  metastable  T-like  site  could  be  observed  up  to  room  temperature,  in  agreement 
with  the  existence  of  Mu.  At  higher  temperatures  a  similar  transition  from  channeling  to 
blocking  along  (lll)-planes  is  observed.  However,  the  interpretation  is  not  as  clear  as  in 
Si:  the  site  transition  seems  to  be  incomplete  and  occurs  at  higher  temperatures  than  the 
spectroscopic  transition.  Furthermore  the  strong  relaxations  of  the  transverse  field  precession 
signals  are  not  clearly  due  to  charge  state  transitions.  In  InP  no  indication  of  a  metastable  site 
v/as  found,  in  agreement  with  the  lack  of  Mu  precession  signals.  A  BC-like  site  was  observed 
in  the  temperature  range  investigated.  The  charge  states  at  this  site  are  unknown  since  only  a 
diamagnetic  signal  could  be  detected  by  standard  fiSR. 
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4  Conclusions 

In  summary,  the  measurements  showed  the  existence  of  a  metastable  T-like  site  for  in 
GaAs  and  Si.  In  InP,  GaAs  and  Si  a  BC-like  configuration  was  found  to  be  most  stable.  For 
the  latter  host,  a  consistent  description  of  /iSR  and  channeling  results  can  be  given;  At  low 
temperatures  two  neutral  states  Mu  (near-T)  and  Mu*  (near-BC)  coexist.  On  ionization  at 
higher  temperatures,  the  BC-configuration  remains  stable,  while  (Mu)"^  is  trapped  at  BC  sites. 
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ABSTRACT 

Po  I  ar  I  xaf  i  on  diagram  inetiiod  is  t,h<M>re  M  ca  1 1  y  developed  for  three 
various  paihs;  two-dipo!e  proLlein,  distributed  pair  centers 
(DA-paii's),  dipole  centers  in  iiexagonaJ  tyi>e  crystaJs.  The  results 
of  ca  1  i;u  I  a  t  1  ons  are  appi  ieii  to  evaluate  the  symmetry  and  to  propose 
I  lie  iii<iilels  of  two  complex  centers  in  (iaP  and  ('dS. 


Introduction 

[  iniJU  r  i  t  y  atoms  as  well  as  native  point  defects  can  form  the  complex 
luminescent  centers  (t'LC)  composed  of  two  or  more  particles. 
Peculiarity  of  pho t o I  urn i neucence  (PL)  band  attributed  to  definite 
is  that  of  one  part  of  complex  ceni.er  participate  in  absorption 
of  eM'itation  light  while  the  luminescente  transition  is  linked  to 
another  part  of  center,.;  The  symmetry  of  t'LC  is  lower  then  that  of 
t  lie  ciystal  latt  Lie  basically  due  to  the  fact  of  space  correlation 
of  both  parts  of  CLC.,  As  the  result  the  anisotropy  of  electron 

transitions  m  optical  absoi-pt  ion  and  emission  spectra  are 

otisorved.  The  mel.hofis  of  the  polarisation  optical  spectroscopy,  in 
liaiticular,  the  iiK'thod  of  the  luminescence  polarization  diagrams 
(I’D)  f  I  I  (an  he  api'lied  to  leveal  the  symmetry  of  CLC.  The  PD 
met  fiod  III  the  cas('  of  a  cubic  crystals  is  based  on  measurement  and 
Iheoret  ical  analysis  of  the  polarization  degree  of  PL  band  induced 
liy  liiK'ar  polaii/inl  excitation  liglit.  The  tlieory  of  PD  method  was 
extcnd('<l  to  t.hree  various  paths:  i)  two-dipole  problem  of  CLC  in 
cubic  crystals  f2J:  ii)  polarized  PL  of  angular  distributed 

donor-acceptor  pairs  (3);  iii)  polarization  of  CLC  in 

hexagonal -type  ciystals  (4|. 

In  tills  paper  we  demonstrate  the  effectiveness  of  the  PD  method  to 
investigate  the  properties  and  to  reveal  the  sti'ucture  of  two 
st>ecific  CLC  in  GaP  and  CdS. 


Method  of  polarization  diagrams 

[•'ol  lowing  to  PD  method  anisotropic  PL  centers  are  excited  by  linear 
polarized  light  specified  by  angle  <p  between  eleitric  field  vector 
oC  excitation  beam  and  some  of  crystal  axis,  e.g  vl00>  of  cubic 
lattice  or  1  axis  of  hexagonal  lattice.  Orthogonal  scheme  of  the  PL 
excitation  is  suit.atile  for  t  liese  measurements:  the  direction  of 
e\(,itation  light  and  tliat  of  PL  recording  are  p-erpend  i  cu  lar  to  one 
another.  The  PI,  int.ensity  demonstrates  1  ineai'  i^olari  zat  ion  due  to 
removal  of  orientation  degeneracy  of  anisotropic  centers.  The 
angular  dependence  ol  PL  polarization  degree  defines  the  PD  ciiive: 

I||(tP)  -  lx(‘P> 

p((/))  =  -  (1) 

l||('f)  +  UCf) 

III  and  are  the  intensities  of  two  orthogonally  polarized  F’L 

components  wtien  the  analyzer  is  respectively  parallc'i  and 
perpeiiii  1 1’u  1  ar  to  tlic  chosen  ci'ystal  axis. 

in  t,wo-dipole  case  different  I’li  curves  were  classified  with  respect 
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to  the  nuituaJ  ori  ent.at.i  oiis  of  absoihiiig  and  eiipitling  dipoles  (2|. 
Each  dipoJe  is  oriented  along  <.l()t)>,  <  ll  1 ->  oi'  <110>  {'nliic  crysl.al 

axis.  These  calculations  are  applied  to  analyze  the  PI)  cnuves  of 
various  CLC  in  GaAs  [5)  and  GaP  I  <i )  .  Another  pi’ohleiti  to  he  solved 
of  symmetry  of  DA-pairs  randoml.v  di  st?i  hnled  in  a  ciihic. 
Such  CLC  are  char-act  eri  zed  by  ai-bitrary  orientation  of 
dipole  directions  specified  by  the  unit  vector  vaibiC^.  II 
relation  between  DA-pair  c,oordinates  and  of  the  F’l) 
[3] 

P(0) 


is  that 
lattice , 
optical 
was  found  the 
extreme  points 


2,2^  22^,22 

a  b  -t  a  c  +  b  c- 


2P(45‘’) 


(  2  ) 


,3P(0)  + 

The  results  of  calculations  were  used  for  the  DA-pairs  in  AlSb  |7|. 
As  to  employment  of  PD  method  in  hexagonal  lattice-  ( Cd.S )  one  should 
take  into  account  the  effect  of  crystal  hi  ref  r  i  ngern-e  and  also  l.hc 
peculiarity  of  syinmet  i-y  equivalent  or- lenl  at  i  ons  in  such  a  lattice. 
The  dipoJe  center  can  be  described  b>  angle  T  with  ri^spec  t.  t.o  (' 
axis  of  ci-ystal  anci  phenomenological  parametei-  of  ft 
attributed  to  superposition  of  n  and  o  dijcolc-s 
transitions.  Due  to  calculations  |4)  the'  value-  of  T 
via  intensities  of  polarized  Pb 


( D  i  s  1  ) 
in  optical 
IS  expi-esseil 


1  ± 


’1 


1||(0)- liiOt/'l  -  lj.(0)  Jj(9()°) 


cos 


'T  = 


1  ±  ;is. 


S,  =  2- 


(  3  ) 


I  Ix<'))  -  1||(())  1-1 


lj.(  no'’  ) 


1  II  (  0  )  I 


The  infor-maticin  available  from  the  PD  method  is  the  expe  r  i  iiu-nl  a  I 
proof  of  the  o(>tical  anisoir’opy  of  PL  c-enter-,  oi- 1  c-n  I  at  i  on  of 
optical  dipoles  evaluated  from  theoi-y  and,  finally,  the  c-c-nter- 
symmeti-y.  The  symmetry  of  CLC  provides  the  bac-kground  to  in  opose 
its  model. 


Polarized  photo-  and  thermoluminescence  of  deep  centers  in  GaP 


Specific  CLC  are  oliserved  in  n-GaP  conlaminat  i  ng  N  impurity.  It  is 
argued  that  for  one  of  them  NNj  -pfiir  fot-iiis  the-  (uinplev  (c'utei-  with 
the  deep  acc  c^plot-  of  i  u„  as  slu/vn  on  fig.l. 

(jrl 
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wiHi  I  '  Ht  7?K  (ifist'fl  on 


’1,  l>aiul  of  1  111' 


(g)  1.1511  1  1  CoP^.S.N 


|)uss(issi'.s  t  lit’'  iiiaNiimiiii  of  l.liloV’  (  f  1 ,  2  1  c  . ;  .1)  Lho  valiio  ol 

(  \|ioii.iil  1  a  1  I  s  <lt'(  T'cat'Os  i>ti<-*n  t  lie  Lompofat  me  is  i  nc  roa.sed  wil.h  the 
m  t  ival  ion  enoPH.N  of  A=U .  oyfieX’ .  This  is  acooiiipan  i  eii  b>  a  si>eclial 
shift  of  A-liand  max  i  mum  up  to  l,64eV  (fig..2,  f.2);  4)  the 

t  lici  nio  I  urn  I  nest  eiico  ('ID  peaks  wit.li  t  iie  maxima  of  ll,^  =  97K,  I'Lp=118K 

and  ll,|=10.1K  are  otisei'veiJ.  Tlie  1  urn  i  nesf  ence  siu'clium  of  tiie 

II  ^'peak  cojtu  ides  w  1 1  ti  A-hfind  of  F'h,  at  'I>10()K  and,  lienee,  the  same 

ilcep  fonliM  paiticipals  both  in  PL  and  'fii.-  We  nol  lee  that  peak 

j-ini)  1*'("  peak  are  linked  to  ant^dier  I'L  Lands  (lahle).  The 

<  ha  rae  I  e  I  I  s  I  1 1  K  1)  -  1)  are  spi-eitic  for  the  gioup  one  of  GaP 

(i\slals  and  /-lie  nol  ^iMri  Luted  to  the  er.\sla]s  of  group  two. 

We  larried  out  detailed  tempei’a  tu  i  e ,  s|.,('rttaJ  and  kinetic 

nieasu  reiiK'n  I  s  ul  IL.-peJik.  It  was  found:  i)  the  energ\  ol  the 

'  I  ''1~"  I  I  'T'  I  I  I  I  I  I  I - II  I  “ 

elc’ciion  I  lap  related  to  the 
peak  I  s  !•  “  (  0  ,  J  .5±0 . 0  1  ) eV  ; 

'  ’  A  *  •  4 

11  )  the  thri'shold  ol  the  V 

"impurjl.\"  excitation  is  /t  x,  ^ 

g  I  \  ell  h\  j,"  it- 20  ±  O.OZet;  *’  X.  >• 

111)  siiectrum  of  1  R-i.juenc  h  i  n  2  ^ 

of  I  he  II  peak  is  related  •  jr\ 

to  the  hole  phot  o  i  on  i  xat  ion  ■  N.  \ 

from  the  deep  acceplor  of  g. 

+  0.. filet  and  Oilicides  with  _  # -PL 

that  ol  l.lif)  eV  PI,  tianiJ  in  ^  , 

GaP:(u.  • 

2’.  I'o  1 .1  f  i y.i'iJ  plujto  •ind  ‘  ‘  »  *  *  -  *  — 

t  hrvthn]  urn i  npsc  one  r  *30  0  30  .  60  80 

|o  reveal  t  lie  s'mmetry  of  V((ie9) 

the  deep  center  we  used  the 
method  of  PI).  I  he  Pl'Pl  cur\c 

of  the  PL,  and  of  the  fl.  F  i  g ,  .4 .  Polarizal  ion  diagrams  of 

livhlsuni  are  .siiown  in  band  and  li-poik. 


Fig.  4.  Polarizal  ion  diagrams  of  A 
band  and  I  i - poi k . 
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fi5<.3.,  'I’tio  oijservat  ion  of  the  imkiceiJ  po  I  a  c  i /.at  i  on  of 
I  urn i nesrencp  directly  demonstrates  the  opLica]  anisotropj  of 
corresponding  c-c»nler.,  Tiie  prominent,  fealui-e  of  the  polarized  i'L  is 
Liiat  of  PD  curve  is  essentially  differeriL  fj-oiii  t.he  diagram 
atfrilniled  Lo  t.he  FL.  Actually,  thi'se  curves  c-an  not.  lie  adjii.sleai  Lt; 
one  another  by  the  parameters  of  the  Pi)  theory.  As  the  consequent  e, 
the  mulual  or  iental.  i  ons  of  absorbing  and  of  emill.ing  optical 
dipoles  calculated  are  various  for  Fi.  and  I'!,.  'I’hese  di|)oles  are 
oriented  along  <110.'>  -  <■  I  1 1  >  a.ses  in  the  case  of  Ft  and  are 

directed  along  <110/  -  <001/  for  'It  (Table). 

d.  t)  I  sriisfi  ion 

To  explain  the  peculiar  features  of  the  FI.  ami  ft  as  ut'li  as 
polarization  data  concerning  to  A-band  and  ft^  peak  we  propose  the 

new  model  of  I  h(“  CtC  (fig.l).  ITus  center  is  composed  of  ijeep 
acceptor  (A-center)  with  the  level  of  O.nleV  anti  of  a  deep 

elect.riin  I  rap  ('I -center)  with  the  energy  of  the  ground  slate  K- 

0.13eV  { k  )  and  that  of  the  e.sciled  stale  t.  -  O.O.I.toV  (K  ). 

o  i  e\ 

In  fig.l.i  the  scheme  of  the  electron  transit  ions  given  rise  lo  PI., 

TL  and  their  e.xcitation  is  shown.  1  he  "  i  mi>u  i  i  I  y "  t>\cilation  of 

tiot.h  A-band  and  of  Tl.^-peak  are  caused  by  indirect  escilalion 

process.  The  ele<  tron  is  opt  ically  Iransferi'd  fioin  v-band  to 

f-levei  (either  h.  or  K  ),  (  ree  hole  is  (’aptiired  bv  tin'  A-center 

o  e  \ 

‘^•liltn  the  same  t'l.i.'.  Tht'  wubsetpienl  recomb  i  na  I  i  on  of  the  t>lectron 
thermally  released  t.o  c-tiand  with  the  boiinil  hole  h-ads  to  l.tileV 

barul  of  FI,  and  fL.  Ihe  slow  thermally  activated  FI.  kinetics  I  I 

resulted  from  the  center-t o-ceni er  recombination  of  the  electron 

bound  to  f-trap  and  the  hole  bound  to  A-center.  Ibis  elec  lion 

re<  oiiitiines  via  the  exi'ited  .state  which  is  thermally  populated  with 

the  barrier  A  =  !•"  -  1,  . 

0  e.N 

A  specific  feature  of  the  I'L  is  the  oli-etveil  (>o  1  .ii  i  im  t,  i  on  under 
polarized  indirect  exci  l  at  i  on .,  (nir  data  contiadict  lo  Ihe  tri\ial 
scheme  of  ()olari/,t-d  11, ,  when  the  Iighl..suiii  stoiage  is  resulted  from 
the  direct  pho toion i za 1 1 on  of  anisotropic  deep  acieptor  (ol  lowing 
by  t.he  capture  and  release  of  electrons  to/from  distant  traps. 
Actually,  this  is  demonstrated  by  the  facts;  I)  I’D  curves  for  FI. 

and  IL  are  essentially  diffi?i-ent:  2)  "impurity"  excitation  are 
caused  by  electron  transitions  v-band  ^  f-level,  i.c.  relat  i-d  to 
indii-ect  excitai.ion  process;  3)  each  IL  peak  is  1  inkeil  one-to-one 
to  the  .specific  luminescence  band  (fable).  I  hese  facts  as  well  as 
polarization  char-ac  t  er  ist  ics  of  FL  and  fL  are  naturally  explained 
if  T  and  A  centers  are  nearest  neighbours  in  GaP  lattice  and  form 
the  CLC.  The  strong  localization  of  wave  functions  both  of  the 

captured  electron  in  the  ground  .state  of  T-trap  and  of  Ihe  bound  to 
A-center  hole  explains  the  storage  of  the  Imhtsum  within  such  a 

coinple.x  renter  at  low  temperatures  and  possibility  to  ob.servc  i  L . 

4.  The  model  of  CLC 

The  components  of  (  LC  are  identified  as  *  “  deep  accc‘ploi  (A) 

and  NNj-pair  -  i  soe  1  ec  i  ron  ic-  trap  (T). 

A-center.  The  deep  acceptor  of  K  tO-.-ileV  in  Gap  was  identified  with 

V 

Cu„  imiiiirity  in  [8),  In  our  crystals  the  coni’ent  rat  ion  of  f- \ 

\J 

comple.xes  increases  after  diffusion  of  Cu  at  Qou  C.  The  onenlaticin 
ol  emitting  optical  d  i  pc/ 1  e  attributed  to  c-banii  =>  A-renter 
tT'aiisilion  is  linkcui  to  clDO/  crvstal  axis.:  fhi.s  orient^ition  i -i 
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iitiainh  I  pilous  I  y  relaLpd  Lo  A-conter  .symmeLry  and  cot  tesponds  to  the 
s.v  linnet  I’ y  of  Cu,,  oomplex  center  obsetved  by  uDMIt  [  I  • 

(-lil 

I'-i-ent  e  r .  Mie  ident  ificat  ion  of  'f-trap  as  NN^  is  argued  by  the 

following:  1)  the  energ}  positions  of  tlie  grountl  and  excited  states 
ate  identical  wit.h  those  of  NN^  tlO);'  2)  the  oiientation  of  the 

oiitical  dipoles  concerning  to  v-band  =»  f-level  transition  is  <110> 
that  CO i  IK- ides  with  the  data  of  uniaxial  stress  measurements  for 
NN|-pair  III];  3)  A-T  coiiii>lexes  are  observed  only  in  crystals 

c-ont  ami  nat  i  ng  n  i  ti-ogen  . 

.I.  Cone  I  IIS  i  oils 

We  notice  t.hat  the  centers  demonstrating  i>olari?,ed  'I'L  are  fairly 
typical  for  bulk  GaP.  Various  luminescent  bands  as  well  as  TL  peaks 
I  inked  1.0  them  are  shown  in  Table.  We  ai-e  not  able  pi-esently  to 
l>ropcise  sulist  ant  iat  ed  models  for  the  rest  of  centers.  However,  it 
is  clear  from  t  h<'  po  lar  ii^at  ion  data  that  each  of  them  is  related  to 
the  comiilex  of  deep  acceptcir  and  of  eltn-tron  trap.  We  believe  that 
such  centers  ret'tesent  a  new  system  of  the  crystal  defects  being 
able  locally  accumulate  the  1  ight.sum  within  a  crystal. 

I'fih  Is 


knergy  position 

TL-peak 

Deep  acceptor 

Elect  ron 

Oriental  ion 

of  luminescence. 

max  imuin , 

energy  ,  eV 

t  rap 

of  optical 

eV 

K 

energy , eV 

dipoles 

1  .61 

97 

E  +0.51 

V 

0.13 

< 110>-<001> 

1  .-12 

1  18 

fc;  +  0.93 

V 

0.17 

<  110>-<U0> 

1  .  72 

103 

K  +  0.51 

V 

0,1:') 

<iio>-<in> 

Light  stimulated  PL  metastability  in  electron  irradiated  CdS 

I  he  origin  of  me  I  as  t  ab  1 1  i  ty  for  deep  centers  in  a  semiconductoi’s  is 

still  the  point  of  current,  technological  and  physical  interest. 

Only  a  few  of  cases  are  known  that  provide  w»^il  supported 

microscopical  model  of  centers  invcilved  in  metastable  transitions 

[12].  Wo  jirescMit  the  summerir.ed  results  of  coini>rehens i ve  study  of 

the  new  effect  attributed  to  the  transient  behavior  of  the  "red” 

(PL)  band  ( hi*  =l.f)8eV)  in  electron  irradiated  CdS.  The  mechanism 
max 

for  PL  met Hstabi 1 1 1 y  is  developed  within  the  model  of  a 
tilt  oe-part  icle  CLC. 

1.  K\perjnienL 

Czoc  hral  sk  i  gi-own  bulk  n-Cdh  single  crystals  are  studied.  The 

crystals  are  i  rrad  i  at  ed  by  1.2  MeV  electrons  at  200iv  with  the  dose 

of  1 0^  1 0  ”ciii  .  .As  the  result  of  electron  irradiation  the 

inlensitx  of  the  "red"  PL  band  of  hi^  =1.68eV  demonstrates  the 

max 

stimulation,  A[,  and  subseque-nt  decline  wit.h  a  time  of  intensity 
(  f  ig  I ,  c  .  2  )  .  This  transient  behac  lor  is  observed  under  PL 
excitat.ion  in  a  si>c»ctral  region  of  stimulation  light  hP^^,  =2 .  .AeV  and 

unambiguously  related  to  the  preliminary  illumination  of  a  sample 
with  the  puiiiinng  light  of  hP^^=  2.0-2.-leV  (fig.4,c.l). 

1  he  concentration  of  centers  of  the  s t imu lat ed-" red" -  1 uminescence 
IS  gradual  Iv  incre.ised  with  an  irradiation  dose  and  reaches  the 

value  of  ll)'''cm  .  Ihiis,  the  effect  of  PI.,  stimulation  is  directly 
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1  at  oil  I'l, 
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(  I  )  ami 
s I  I imi- 
1  at  mil  2  ) 

I  i  ^lit  < 

(Jii  i  list' I- 1 
-pii  I  se 
exc i I a- 
t  I  on , 


•  ^  A 

related  to  e-beani  tieatiiient  of  rdS. 

The  following  data  are  essential  i-easons  to  evaluate  the  metlianism 
for  the  effect  obserxed.  1)  stimulation  of  A)  is  not  ac  eompan  i  <'d 
with  stimulation  of  the  photorurrent  in  n-lype  saiii|>l(‘s.  M  means 
that  stimulated  PI.  is  resulted  from  the  r’econibi  nal  ion  of  1  m  a  1  ixtd 
electrons.  2)  The  kinetic  of  A1  measured  with  the  pulse  excitation 
(  f  i  g  .  4  ,  c  .  3  )  IS  iiiueh  slower  then  that  ol  a  fiee  hole  cajituie.,  thus, 
stimulated  PI,,  is  originated  ( i  om  the  hound- t  o-bouiid  i  ei  omh  i  na  I  i  on  . 
3)  The  Viilue  of  A1  is  quenched  when  the  tonipeiatuir  is  raising  up 
with  an  activation  energy  ol  A=  O.tiHet.  Ihis  i  nergv  is  1  i  nki  d  In 

the  gap  between  the  ground  stale-  t  .  r2('V  )  and  exi  i  red  sl.ile 

(E^-0.04eV)  of  the  peeiiliai  donor  cc’iiler  (I))..  i  he  level  of  li-i  (.ui  t  c- r 

can  be  directly  1  i  1  I  c'd  ivith  electrons  by  pumping  liglil  ■i'- 

demonstrated  by  I  Sr  iiic'asuremc'nl  s .  Aflei  switching  o|  the  puihping 

light  oft  the  Al  decays  in  ^a  daik  following  to  lelation:  Al 
exp(-Atj  /  t^)  with  I  =  5-IO’s  at  77l\.  Ihis  proi  ess  is  the  ri'sult 

of  thermal  release  of  elec  Irons  from  P-cc’ntc'r.  4)  Hc-sides  >1 

P-center,  the  level  of  a  sha1ic>w  acce|>lor  I A  )  is  obseiveci  in 
pumping  and  sl  imulal  ion  spectra.  Its  eneigy  i>osil  ion  is  evaluatc'd 
and  given  hv  +  ().,l4eV.  5)  The  low  syminetiy  of  center  bc-ing  I  he 

consecpience  ol  anisotropy  of  deep  acct'idot  K  with  Ihc'  level  ol  + 

O.SSeV  is  demonstrated  by  the  PI)  method  |14i.  ke  c’liiiUiasis  I  lie 
coincidence  of  the  po 1  a r i /at  i on  characteristics  of  slationaiy,  I, 
and  stimulated,  Al  ,  "red"  PI,,  in  paid  i  cu  I  a  r ,  poJarizat  ion  dc-grees 
of  PL  and  PL  exc  i  I  al  ion  as  well  as  theii’  [lolai  i/ation  diagrams  f,  re 
identical  for  both  bamls.  The  later  means  the  same  oi  lentat  ion  | 
the  opt.ical  dit>olc'S  within  I  hc'  cenlc'ts  |  e<pia  I  i  i  y  of  angle  I")  and 
identity  of  symmetry  of  both  cenlers.  ti )  sliinulated  Pl  is  aniu-aled 

at  T  /  Ifio'^f  with  the  ac  rival  ion  energv  of  (n.4  t  ••  0.  19  lev.  fhe 

annealing  mc'chan  i  sin  is  icienfified  as  diffusion  of  mohii>-  atoms 

in  Cels  lat  e  and  f  he  i  t  lecomhinat  ion  with  [)-<  ompcvnenl  ol  (  l<  i  I i 
rtius,  we  vC't'Vc'  in  expc'rimenis  the  conij.lex  triple  PI  renter 

consisted  c)  f  dei'p  ,icceptor  h,  di'ep  ilofior  I)  and  sloi'iow  ;iice|ilor 
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a.  Neciianism  of  mot.ast  ahi  1 1 1  \ 


By  ana  1  yi',  I  !it<  the  data  i  1.  wa^:  cone  1  udod  that  no  one  median  i  sm  of 
met  asl  al)  i  1  I  I  y  avaiialiJe  can  tie  fjl.leit  t.o  experiments  I  IB  ]  .  Ttie  new 
mechanism  lot-  the  IM.  melasi  aln  I  ]  ly  was  proposed  wiltiin  t  lie  model  of 
a  triple  D-A-K  center  (  f  i  g  .  fi ,  a-c  ) .  Atcoiding  to  this  mechanism  t  tic 

components  of  a  triple  ceiitei-  can  tie 
lec  harged  as  a  l  esui  L  of  tlic 
pumping  liglit  illumination..  Tins  is 
a  two-step  process:  i)  intercenter  A 
^  I)  optical  elecl.i’on  ti'ansit-ion  (a); 
ii)  hole  tunneling  A  =»  K  ( li )  .  The 
total  charge  slate  ol'  a  complex  is, 
evidently,  unchanged  after’  pumping 
liul  rec'liarging  of  D  and  K  levels  du’ 
to  localization  of  elect  i-on  and  hole 
is  taken  place  (c).  We  suggest  that 
D  4  K  recoml) i  no 1 1  on  has  a  low 
probability  after  pumping  as  a 
i-esull  of:  i)  st.rong  localization  of 
the  electi’Oii  and  the  hole  wa\e 
functions  C)f  the  D  and  K  centers 
(bcjth  deep)  and  separation  of  D  and 
K  in  a  lattice;  ii)  tlie  existence  of 
the  rc'pulsive  barriei  of  negatively 
c’hargod  A-center  near-  no i  gliboi'i ng 
to  K.  flit'  barrier  is  removed  under 
st  1  inulated  liglit  due  to 

phot  o  i  on  iza  1  I  on  of  A-center  that 
makes  D  =♦  K  transition  allowed  (c). 

in  111].,  It  is  argued 
jia  r  r ,  I’espect  i\  el  y  ,  .S. 

the  V  ic-  i  11  i  t  y  of  deep 

with  substitutional  fu. 


.^K 


Fig.:').  On  mechanism 
me  t  a  s  t  u b 1  1  1 1  y  ( a - c  )  ; 

K-(  u,  ,, ,  A-S  ^  ,  D-  V  ^  (  d  ) 


of  PI. 


■(  d  ’ 

I  he'  iiiotlel  of 
that  A  an<l  D 


and  t 


at 


b’ 
t  ept  or 


.s 

a  triple  center  is  developed 
ar'e  t,he  coinponeiit  s  of  Fi'enkel 

t.  r(>al('d  b\ 

( K  )  .  I  he 


e 1 ec  t  ron 
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Wfl  s 
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ABSTRACT 

Optical  Nuclear  Poldrization  (ONP)  technique  was  used  to  study 
metastable  properties  of  the  gold  donor  center  in  silicon.  A 
model  of  a  deep  defect's  symmetry  changing  C,  with  its 

charge  state  (D"-»D°->D*)  is  proposed  to  account  for  observed 
optically  induced  quenching  and  regeneration  of  Au°  centers. 


1. Introduction 

The  fundamental  discovery  of  optical  pumping  by  A.Kastler  [1], 
paralleled  by  major  advances  in  magnetic  resonance  spectroscopy, 
gave  rise  to  investigations  of  optical  nuclear  polarization  (ONP) 
in  semiconductors  [2-5]. 

The  ONP  technique  requires  the  creation  of  an  electron  system  in 
spin-nonequilibrium,  in  which-  state  the  orientation  of  lattice 
nuclei  is  governed  by  hyperfine  interaction  (HFI) .  It  has  been 
established  [3]  that  ONP  does  not  involve  conduction  electrons 
and  is  due,  instead,  to  the  HFI  of  optically  oriented  electrons 
captured  on  defects  with  neighboring  lattice  nuclei.  Hence,  the 
ONP  technique  provides  an  important  tool  for  investigation  of 
shallow/deep  impurity  centers  [3,4],  thcrmal[3]  and  radiation  [4] 
defects,  magnetic  impurity  centers  [3]  and  dislocations  [3,4]  in 
semiconductors . 

Metastability  of  deep  centers,  a  feature  of  light-stimulated 
reactions  involving  defects  in  semiconductors,  is  here  considered 
as  a  further  example  of  the  ONP  technique's  great  investigatory 
potential. 


2.  The  ONP  technique 

Electrons  and  lattice  nuclei  magnetic  isotopes  are  known  to  form 
interrelated  spin  system-s  in  crystals.  If  the  electrons  are 
prevented  -  by  some  external  force  -  from  reaching  thermodynamic 
equilibrium,  they  will  necessarily  engage  -  due  to  their 
spin-nonequilibrium  state  -  in  a  hyperfine  interaction  with 
lattice  nuclei,  causing  the  crystal's  nuclei  to  undergo  dynamic 
polarization: 

P  -  p  =  ^  .  (P  -  P  )  (1) 

n  nO  ^  '  e  eO'  '  ' 

where  P  and  P  are  the  nonequilibrium  polarization  states  of 

t  n 

electrons  and  nuclei  respectively,  and  P  and  P  are  the 

respective  Boltzmann's  equilibrium  polarization  states  for 
electrons  and  nuclei.  P  =(n  -n  )/(n  +n  ) ;  P  =(N  -N  )/(N  -f  N  ) ; 

N^,  N  ,  n^  and  n_  are  the  respective  populations  of  the  states 

with  the  electron  and  the  nuclear  spin  projections;  m^=+l/2, 

and  m^=+l/2,  mj=-l/2;  and  ?  is  the  term  accounting  for 

the  relative  contributions  made  to  nuclear  polarization  by  the 
contact  and  the  dipole-dipole  HFI  modes. 

One  way  to  accomplish  nonequilibrium  polarization  of  electrons 
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(P  *  in  a  semiconductor  crystal  is  by  optical  pumping.  By 

this  method,  illumination  is  carried  out  with  circularly 
polarized  light  using  a  longitudinal  magnetic  field,  to  create  a 
strong  polarization  for  electrons  through  their  photoexcitation 
to  the  conduction  band,  so  that  when  subsequently  captured  at 
impurity  centers  or  lattice  defects,  they  can  polarize  the 
neighboring  lattice  nuclei  (P  «P^)  via  hyperfine  interaction 

[3,4].  The  ONP  process  begins  with  the  formation  of  a  sphere  of 
polarized  lattice  nuclei  around  a  defect:  P  =^{S)-V  .  In  the 

next  stage,  ONP  spreads  from  this  sphere  of  radius  6  over  the 
entire  crystal  via  nuclear  spin  diffusion  at  a  rate  which  is 
governed  for  defects  uniformly  distributed  in  the  crystal  bulk  by 
an  exponential  law  of  the  form  [?]: 

P  =  P  (1  -  exp(-t/T  ))  (2) 

n  run  i 

Here  is  the  spin  diffusion  dependent  nuclear  spin-lattice 

relaxation  time:  l/Tj=4TrND5;  where  D  is  the  nuclear  spin 

diffusion  coefficient,  S  is  the  nuclear  spin  diffusion  radius 
[3],  and  N  is  the  concentration  of  defects  that  are  involved  in 
the  ONP  process. 

The  two  ways  of  recording  electrons  and  nuclei  in  the  polarized 
state  are  optical  detection  of  magnetic  resonance  [5]  and 
classical  NMR  [3,4].  Using  experimental  values  of  P^  obtained  for 

specific  relaxation  times  (2),  magnetic  field  strengths,  light 
intensities  etc. ,  it  is  possible  to  establish  various  P  and  T. 

values,  and  thus  gain  information  on  the  nature,  concentration, 
and  distribution  of  impurities  and  defects  that  are  present  in  a 
given  semiconductor  crystal  [3,4].  Below,  the  capabilities  of  the 
ONP  technique  are  illustrated  in  the  instance  of  n-type  silicon 
single  crystals  containing  gold  donor  centers. 

The  samples  used  in  the  experiment  were  n-type  silicon  with 
initial  resistivity  l.O^tJ-cm.  Doping  with  gold  was  done  using 
high-temperature  (l200'c)  diffusion  technique,  followed  by 
quenching  in  oil.  Spectroscopic  data  revealed  the  presence  of  a 

level  in  the  gap  at  +  0.35  eV,  known  to  correspond  to  an  Au° 

donor  center  resulting  from  the  Au*-»Au°  transition.  Illumination 
of  the  samples  was  carried  out  at  77  K  using  circularly  polarized 
light  from  a  1  kW  incandescent  lamp,  with  the  magnetic  field  (0.7 
Oe)  being  oriented  along  the  light  path  [3].  Following 
illumination,  the  samples  were  heated  to  room  temperature  and 
placed  in  a  wide-line  NMR  radiospectrometer  where  ONP  is  measured 
using  fast  adiabatic  passage  technique  [3,4].  Nuclear 
magnetization  values  were  taken  in  the  samples  ranging  with 
regard  to  illumination  time  from  5  min  to  7  hours.  Extrapolating 
the  results  of  measurements  gives  the  degree  of  ONP,  P  ,  and  the 

nn 

relaxation  time  T^  for  the  ^’si  nuclei  under  investigation. 


3.  Results 

The  observed  ONP  in  n-type  silicon  doped  with  gold  can  be 

described  in  terms  of  the  following  model  [3].  A  neutral  Au° 
donor  center  captures  a  hole,  generated  by  interband  pumping, 

from  the  valency  band:  Au°  +  h  -♦  Au*,  and  becomes  an  effective 
trap  for  optically  polarized  electrons.  Addition  of  an  electron 


Materials  Science  Forum  vols.  83-87 


1137 


Fig.l 

Kinetics  of  the  ONP  degree  in  silicon  doped  with  gold; 
(□) monochromatic  interband  circularly  polarized  light;  (•)broad 
spectrum  circularly  polarized  light;  (»,x,A)  broad  spectrum 
circularly  polarized  light  after  prior  illumination  at  hu=0.9  eV 
for  2h  («),  3h  (x)  and  4h  (A).  Solid  line  -  calculated  dependence 
from  Eg. (2) . 


Fig.  2 

p  (a)  and  T, (b)  as  a  function 

n  Ri  • 

of  prior  illumination  time  at  hu» 
=0.9  eV  in  silicon  doped  with 
gold 


Fig.  3 

Spectral  dependence  for  the 
effect  of  prior  illumination 
on  the  OMP  degree  in  silicon 
doped  with  gold;  pumping 
time  5h;  (a)  guenching, 

(b)  regeneration 
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from  the  condur*--  n  band  to  Au*  turns  it  into  a  polarized  Au*’ 

center;  Au*  +  e  i°* .  The  hyperfine  dipoie-dipole  interaction 

that  must  arise  -ween  the  polarized  Au°*  centers  and  the 

surrounding  “’si  nuclei  results  in  these  nuclei  becoming 
polarized  [3,4],  with  the  polarized  state  eventually  setting  up 
over  the  whole  of  the  crystal  because  of  nuclear  spin  diffusion 
(see  Eg. (2)).  The  ONP  degree,  however,  was  found  varying, 
depending  on  the  properties  of  light  used  for  optical  pumping. 
Whereas  illumination  with  monochromatic  interband  circularly 
polarized  light  produced  an  ONP  degree  that  behaved  strictly  in 
accordance  with  the  above  described  classical  mechanism  for 
lattice  nuclei  polarization  in  semiconductors  (Fig.l),  the  use  of 
circularly  polarized  light  of  a  broad  spectrum  (including  the 
impurity  light)  was  found  to  result  in  a  relatively  much  lower 
ONP  degree  under  prolonged  optical  pumping  (Fig.l).  In  order  to 
understand  the  role  played  in  the  observed  anomalous  behavior  of 
the  ONP  degree  by  the  impurity  light,  the  kinetical  experiments 
on  the  ONP  degree  were  performed  using  prior  illumination  with 
monochromatic  impurity  light.  Figures  1-3  show  that  as  quenching 
on  the  ONP  degree  decreases  with  prior  illumination  time,  the 
nuclear  spin-lattice  relaxation  time  (T^)  increases  (Figs.l  and 

2) .  This  is  evidence  of  a  reduction  in  the  concentration  of 

paramagnetic  Au°  centers,  the  carriers  of  the  ONP.  On  impurity 
light  shutdown,  the  gold  donor  center  system  continued  in  a 
metastable  state  for  an  indefinitely  long  period  of  time  as  long 
as  the  temperature  was  kept  at  77  K.  The  concentration  of  the  Au° 
centers  regained  its  initial  level  only  on  heating  the  samples  to 
room  temperature.  The  spectral  dependence  of  the  ONP  degree 
quenching  is  shown  in  Fig. 3.  A  similar  quenching  event  was 
observed  for  interband  photoconductivity.  Taken  together,  these 
results  suggest  that  the  observed  anomaly  in  the  behavior  of  the 
ONP  degree  is  due  to  metastability  of  the  isolated  gold  center  in 
silicon;  an  appropriate  model  is  presented  in  Fig. 4.  The  model 
postulates  that  because  of  a  nonmonotonic  dependence  of  the 
electron-vibrational  constant  on  the  number  of  electrons  present 
at  the  defect,  different  charge  states  of  a  deep  defect  would 
occupy  different  positions  in  the  lattice  and_  would  accordingly 
have  dissimilar  symmetry  (Fig. 4) [6]..  while  Au”  would  tend  to 

and  Au*  to  the  paramagnetic  state  Au®  is  most  likely  to 

assume  the  lowest  symmetry  -  [7]  which  lies  closest  to  the 

lattice  site. 

Careful  examination  of  the  effect  produced  by  prior  illumination 
with  hu=I^  light  will  show  that,  in  fact,  we  have  an  optical 

analog  of  the  negative-U  reaction: 

Au®  +  hu(I,)  -♦  Au* 

2Au®  +  hu(lj)  -»  Au*  +  Au*  (3) 

Au*  +  2e  -»  Au" 

leading  to  a  slow  charge  exchange  process  as  the  gold  centers 
tunnel  between  the  positions  of  differc-nt  symmetry  in  the  silicon 
lattice. 

Transition  to  the  metastable  state  (Au*  Au*)  is  accompanied  on 

the  one  hand  by  a  reduction  in  the  concentration  of  Au®  donor 
centers,  and  on  the  other,  by  a  sharp  drop  in  the  lifetime  of 
photoexcited  electrons  because  of  the  photo-induced  recombination 
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one-electron  band  diagram  (d)  for  the  gold  donor  center  in  n-type 
silicon;  l2=Ij+Al^.  Model  of  the  gold  donor  center  in  silicon  (e) 

Au'=D',  (g)  Au°=(DjVgj)°  ,  (  f  )  Au*=(DjVgj)*;  Configuration 

coordinates  Q^,  and  approximately  correspond  to  [100], 

[111]  and  [ill]  directions  in  the  order  given. 
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corresponding  decline  in  the  ONP  degree,  as  P  is  proportional  to 

the  rate  of  filling  the  Au°  donor  centers  by  photoexcited 
electrons,  which  is  a  function  of  their  lifetime.  An  adequate 
test  of  the  proposed  model  was  provided  by  the  observation  of  ONP 
regeneration  over  the  spectral  range  corresponding  to  the  reverse 

reaction  of  Au*  +  Au‘  +  hu(E^-I^)  2Au°  (Figs. 3b  and  4).  The 

regeneration  of  the  ONP  degree  is  additionally  aided  by 

photo-ionization  experienced  by  induced  Au~  centers  (Fig. 4b): 

Au"  +  hu  -»  Au°.  It  is  of  interest  that  the  highest  probability 
for  this  process  occurs  at  pumping  light  energies  corresponding 
to  transition  of  electrons  to  the  L  valley  of  the  conduction 
band.  It  may  thus  be  concluded  that  the  reconstructed  Au~  and  Au^ 
states  (Fig. 4)  are  of  different  symmetry  and  formed  mainly  from 
the  wave  functions  of  L  and  X  valleys  of  the  conduction  band, 

respectively.  The  unreconstructed  state  Au°  is  probably  in  a 
low-symmetry  position  and  is  due  to  the  wave  functions  of  the 
valency  band  [ 8 ] . 


Summary 

The  capability  of  the  ONP  technique  as  a  tool  to  study  defects  in 
semiconductors  has  been  demonstrated  in  its  application  to 
Investigate  metastable  properties  of  gold  donor  centers  in 
silicon.  A  model  of  an  isolated  gold  center  has  been  described 
which  suggests  that  each  of  the  defect's  charged  states  has  a 
symmetry  of  its  own  and  is  formed  mainly  from  the  wave  functions 
of  different  valleys  of  the  conduction  band. 
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ABSTRACT 

We  have  investigated  optical  pumping  effects  of  off-center  nitrogen  (N)  in 
Si,  on-center  N  in  hexagonal  single  crystal  Sic  (6H-SiC),  and  off-center  N 
in  dicunond.  It  is  found  that  three  physical  conditions,  i.e.  (i)  nuclear 
spin  memory,  (ii)  no  electron  spin  memory,  and  (iii)  large  spin  flip-flop 
relaxation  rate  are  necessary  for  dyneunical  nuclear  spin  polarization 
induced  by  unpolarized  light  illumination. 


1.  Introduction 

Metastability  and  bistability  of  defects  in  semiconductors  have  recently 
been  studied  with  interest  from  fundamental  and  technical  points  of  view. [11 
There  are  several  examples  in  silicon.  Light  element  impurities  such  as 
hydrogen,  carbon,  nitrogen,  and  oxygen  show  metastability /bistability 
in  the  forms  of  bond-center  and  tetrahedral  interstitial  H  [1],  a  pair  of 
interstitial  C  and  a  substitutional  C  [1],  off-center  N  [2],  and  a  vacancy- 
interstitial  0  pair  [3],  respectively.  Among  many  defects  and  impurities 
with  metastable  and/or  bistable  configurations,  the  off-center  N  is  one  of 
defects  that  have  geometrically  simple  structures. [2]  For  study  of  meta¬ 
stability/bistability  of  defects  we  think  motional  effects  are  significantly 
important.  In  a  previous  paper  [4] ,  we  reported  for  the  first  time  an  elec- 
trr  )  soin  resonance  (ESR)  measurement  of  the  off-center  N  in  Si  revealed  the 
motii"  ’<  j  effects  among  four  equivalent  off-center  sites  and  one  on-center 
site  '■ 'u  an  optical  pumping  effect  yielding  dynamical  spin  polarization  of 
nitrogen  nuclei.  This  nuclear  spin  polarization  may  be  a  useful  probe  for 
the  study  on  motional  effects  and  metastabilty /bistability,  as  well  as 
hyperfine  interaction,  of  defects  and  impurities  in  semiconductors. 

In  order  to  explain  the  mechanism  of  optical-pumping  nuclear  spin 
polarization  of  nitrogen  impurities  with  hyperfine  (hf)  interactions  in 
semiconductors,  we  have  investigated  off-center  N  in  Si,  on-center  N  in  6H- 
SiC,  and  off-center  N  in  diamond.  The  off-center  N  centers  in  Si  and  dia¬ 
mond  have  bistable  and  metastable  configurations  [2,5],  so  that  optical  ex¬ 
citation  induces  local  motion  among  off-center  sites  and  an  on-center  site 
even  at  low  temperatures,  whereas  the  on-center  N  in  SiC  [6]  shows  no  local 
motions.  In  this  paper,  we  report  physical  conditions  for  paramagnetic 
nitrogen  impurities  to  show  nuclear  polarization  by  unpolarized  light  illu¬ 
mination. 


2.  Experimental  Procedure 

Off-center  N  in  Si  was  introduced  by  ion  implan|gtio^  and  subsequent  pulsed 
laser  annealing. [2]  The  concentration  was  ~lxl0  /cm"’  within  a  surface  layer 
of  — 100  nm.  The  energy  level  was  evaluated  to  be  E  -0.33eV.[7]  On-center 

N  in  6H-SiC  with  a  band  gap  of  3.0eV  was  doped  during  subrimation  crystal 
growth.  The  concentration  was  obtained  by  Hall  effect  measurements  at  room 
temperature  to  be  3. IxlO^^/cm^.  The  energy  level  of  shallow  donor  N  in  6H- 
SiC  was  reported  to  be  approximately  0.1  eV. [8]  Off-center  N  center  in  dia¬ 
mond  with  a  band  gap  of  5.5  eV  forms  a  level  of  E^-1.7  eV. [9] 
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The  ESR  measurements  were  mainJy  made  at  a  temperature  of  4  K  with  an  X-band 
spectrometer,  using  a  continuous-flow  liquid  helium  cryostat.  Unpolarized 


Oil 


light  illumination  was  performed  through  a  window  of  ESR  cavity  (  TEM 
mode).  Background  illumination  (300  K  and  visible)  was  not  eliminated. 

A  Nd:YAG  laser  with  a  wavelength  of  1060  nm  or  a  He-Ne  laser  with  1150  nm 
were  used  for  Si  and  SiC  samples,  and  a  Xe-lamp  or  monohromatic  light  with 
energies  higher  than  2.7  eV  for  diamond  samples.  Microwave  powers  and 
light  intensities  were  varied  for  each  ESR  measurement  to  investigate  optic¬ 
al  pumping  effects. 


3.  Results  and  Discussion 


3.1.  Optical  Pumping  Effects 


14., 


Typical  ESR  spectra  of  N  impurities  are  shown  in  Fig.  1.  Nitrogen,  N 
(99.63%  natural  abundance),  has  a  nuclear  spin  of  1,  so  that  three  hyperfine 
(hf)  lines  are  observed  if  g  and  hyperfine  tensors  are  isotropic. [2,5,6] 
Significant  changes  in  each  intensity  of  the  hf  lines  of  off-center  N  in  Si 
by  optical  pumping  are  seen  in  Fig.  1(a)  and  (b) .  The  three  hf  lines  dec¬ 
reases  in  intensity  at  4  K  by  light  illumination  at  relatively  low  microwave 
powers.  The  degree  of  decrease  is  larger  in  the  order  of  hf  lines  at  high, 
intermediate,  and  low  magnetic  fields  that  corresond  to  M  (quantum  number 
of  N  nuclear  spin)  =  -1,  0,  and  +1,  respectively.  At  high  microwave  powers 
ESR  saturation  occurs  and  the  hf  lines  of  =  +1  are  enhanced  by  light 
illumination  whereas  hf  lines  of  =  -1  are  supressed. 


(a)  P=  1  Ox  10'‘mW 
t.06  nm  loser 
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Fig.l  ESR  spectra  taken  at  4  K  without  (off)  and  with  (on)  light 
illumination  for  (a)  and  (b)  off-center  N  in  Si  (H  //'  <110>), 

(c)  on-center  N  in  SiC  (H  /'■  <100>),  and  (d)  off-center  N  in  diamond 
(H  jL  c-axis)  . 
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Fig. 2  Microwave  power  dependence  of  ESR  hf  lines  (•:  under  light 
illumination,  o:  without  light  illumination)  for  (A)  off-center  N 
in  Si,  (B)  on-center  N  in  SiC  and  (C)  off-center  N  in  diamond. 

The  top  (a) ,  middle  (b) ,  and  bottom  (c)  figures  correspond  to 
Mj=+1/  0,  and  -1,  respectively. 

For  hf  lines  of  N  in  SiC  and  diamond,  no  significant  changes  are  observed 
in  Fig.  1(c)  and  (d) .  The  relative  amplitudes  of  ESR  for  M  =  +1,  0,  and 
-1  are  plotted  as  functions  of  microwave  power  without  (offj  and  with  (on) 
light  illumination  in  Fig.  2.  As  reported  in  the  previous  paper  [4),  ESR 
changes  of  off-center  N  in  Si  by  light  illumination  is  caused  by  optical 
pumping  effect  resulting  in  dynamical  nuclear  spin  polarization.  Such  an 
optical  pumping  effect  can  not  be  seen  in  ESR  spectra  of  SiC  and  diamond. 

In  these  cases  light  illumination  affects  only  the  spin-lattice  relaxation 
process,  i.e.  shortening  of  the  relaxation  time. 


3-2.  Physical  Conditions  for  Nitrogen  Nuclear  Spin  Polarization 

For  paramagnetic  nitrogen  impurities  with  a  hf  interaction  between  an  un¬ 
paired  electron  of  N  atom  and  the  N  nucleus  in  semiconductors,  energy 
levels  in  a  strong  magnetic  field  and  transitions  ari  shown  in  Fig.  3(a). 
Light  illumination  induces  excitation  (process  U)  of  unpaired  electrons  to 
the  conduction  bands,  and  then  the  excited  electrons  are  captured  by  N  ion 
(process  R) .  For  off-center  N  centers  the  illumination  leads  to  local 
motion  of  N  atoms  at  low  temperatures,  as  shown  in  Fig.  3(b).  The  Fermi 
contact  hf  interaction  between  the  nuclear  and  electron  spins  leads  to  a 
strong  modification  of  the  state  of  the  nuclear  spin  system  under  certain 
severe  conditions.  In  the  complete  excitation  and  relaxation  cycle,  thre.? 
physical  conditions  are  found  to  be  important  and  necessary  for  dynamical 
nuclear  spin  polarization  of  N  impurities  in  semiconductors. 

The  first  is  nuclear  spin  memory  during  the  optical  pumping  cycle, 
otherwise  nuclear  polarization  does  not  take  place. [10]  This  condition  is 

generally  satisfied  in  semiconductors  at  low  teinperatures,  since  coupling 
between  the  nuclei  and  lattice  is  very  weak. [10,11] 
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Fig. 3  (a)  Energy  levels  and  transitions  for  N  impurities  in  semi¬ 

conductors.  Columns  (A)  and  (B)  indicate  populations  in  thermal 
equilibrium  and  in  optical  pumping  state,  respectively.  (  A  and 
(5  represent  the  zeeman  energy  ggH/kT  and  hyperfine  energy  A/kT. ) 
(b)  Configuration  coordinate  potential  energy  curve  for  off-center 
N  centers  in  Si  and  diamond. 


The  second  is  no  electron  spin  memory.  This  condition  should  be  satisfied 
for  the  electron  spins  to  be  strongly  out  of  equilibrium  by  unpolarized 
light  illumination.  Before  any  illumination  the  relative  population  n.  (  i= 
1,2,.., 6  )  are  in  equilibrium  as  indicated  in  column  (A)  of  Fig.  3(a)g  and, 
therefore,  the  nuclear  spin  polarization  p  is  approximately  2.6  x  10  at  4 
K  for  off-center  N  in  Si.  The  spin-orbit  interaction  becomes  larger  in  the 
order  of  Si,  SiC  and  C.  Therefore,  for  off-center  N  in  Si,  excited  electrons 
is  thought  to  lose  spin  memory  through  the  spin-orbit  interaction  in  the 
conduction  band  in  contrast  to  diamond  with  a  much  smaller  spin-orbit  inter¬ 
action.  This  condition  yields  changes  in  population  at  each  levels.  Thus, 
the  population  ratio  g  (=ng/nj^,  "4^”3^  between  the  two  electron  spin 

levels  leads  to  increase;  i.e.,  optical  pumping  occurs.  Figure  4  shows  laser 
intensity  dependence  of  the  optical  pumping  effect  of  off-center  N  in  Si. 

At  higher  intensities  the  temperature  of  excited  electrons  is  relatively 
higher  than  the  lattice  temperature,  so  that  spin  memory  is  more  easily  lost 
through  the  spin-orbit  interaction,  i.e.,  enhancement  in  hf  line  changes  is 
observed. 

Due  to  the  form  Pil-S  =  A/2(S  I  +S  I^+S  I  )  of  the  isotropic  hf  interaction 
term,  the  nuclear  are  dynamically  polarized. (10, 11)  This  is  because  the 
term  (S  I  +S  I^)  allows  simultaneous  reversal  of  a  nuclear  spin  and  an  elec¬ 
tron  spin  (flip-flop) .  Consequently  the  third  is  relaxation  process  w^  aris¬ 
ing  from  modulation  of  the  Fermi  contact  hf  interaction  which  is  caused  by 
lattice  vibration.  This  should  not  be  too  small  compared  with  the  spin- 
lattice  relaxation  rate  w^^  and  be  much  larger  than  w^  mainly  originating 
from  modulation  of  dipole-dipole  hf  interaction. (10)  The  Fermi  contact  hf 
interaction  leads  to  a  strong  enhancement  of  the  nuclear  spin  polarization, 
if  the  above-mentioned  conditions  are  fulfilled.  For  the  off-center  N 
centers  in  Si  and  diamond  and  on-center  N  in  SiC,  the  Fermi  contact  hf 
interaction  is  much  larger  than  the  dipole-dipole  hf  interaction  (2,5,6), 
so  that  w  »  w^.  Figure  3  shows  temperature  dependence  of  the  optical  pump¬ 
ing  effect  of  off-center  N  in  .Si.  Significant  changes  are  seen  below  50  K, 
but  there  were  no  changes  at  temperatures  above  50  K.  Assuming  populations 
shown  in  column  (B)  of  Fig. 3 (a),  p  is  evaluated  from  the  result  of  Fig. 2 (A) 
to  be  strongly  enhanced  up  to  4.2  x  10  at  4  K,  and  n  is  estimated  to  be 
0.93  that  is  larger  than  the  value  of  0.89  in  thermal  equilibrium.  The  spin- 
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Fig. 4  Laser  intensity  dependence 
of  the  amplitude  of  three  ESR 
hf  lines  of  off-center  N  in  Si. 
Symbols#,  A,  and  ■  indicate 
result  obtained  for  Mj=+1,  0, 
and  -1,  respectively. 


Fig. 5  Temperature  dependence  of 
the  relative  value  of  ESK  hf  lines 
during  light  illumination  to  that 
without  light.  Symbols  •  ,  A  , 
and  ■  indicate  values  obtained 
for  Mj=+1,  0,  and  -1,  respectively. 


lattice  relaxation  rate  is  known  to  rapidly  increase  with  increasing  temper¬ 
ature.  Because  of  w  »  w^  above  50  K,  no  optical  pumping  effects  take  place. 
Also  for  on-center  N  in  SiC,  w  is  large  as  compared  with  those  of  Si  and 
dicimond,  as  seen  from  Fig.  2.  Therefore  it  is  difficult  to  observe  dynamical 
nuclear  spin  polarization  for  on-center  N  in  SiC  by  light  illumination. 


In  the  previous  paper  we  proposed  an  idea  that  enhancement  of  w^  may  occur 
by  time  dependent  A(t) (S  I  +  S  I^)  caused  by  local  motion  of  N  at  off- 
center  sites  induced  by  tight  illumination. [4]  The  result  that  on-center  N 
in  Sic  show  no  dynamical  spin  polarization  is  consistent  with  the  idea.  It 
is  inconsistent  that  cff-center  N  in  diamond  also  shows  no  dynamical  polari¬ 
zation,  however,  this  comes  from  unfulfilling  the  second  condition  due  to 
a  small  spin-orbit  interaction.  In  order  to  moreover  investigate  the  possi¬ 
bility,  we  have  tried  to  measure  the  Overhauser  effect  in  ESR  spectra.  For 
off-center  N  in  Si  and  on-center  N  in  SiC  the  Overhauser  effect  were  not 
detected  at  4  K  in  the  condition  of  microwave  absorption  saturation,  but 
only  off-center  N  in  diamond  showed  the  effect  due  to  w^  process.  These 
results  confirm  that  local  motion  of  metastable/bistable  off-center  N  in  Si 
induced  by  light  illumination  makes  important  contribution  to  dynamical 
nuclear  spin  polarization.  More  studies  arc  anticipated  to  clarify  the 
effect  of  local  motion  of  defects  and  impurities. 


4.  Summary 

We  have  investigated  dynamical  nuclear  spin  polarization  of  nitrogen  impuri¬ 
ties  in  semiconductors  (Si,  6H-SiC,  and  diamond)  by  optical  pumping. 

Physical  conditions  for  N  nuclear  spins  to  dynamically  polarize  at  low  tem¬ 
peratures  by  unpolarized  light  illumination  were  found  as  follows; 
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(1)  The  nuclear  spin  memory  is  retained  in  the  overall  optical  pumping 
cycle, 

electron  spin  memory  is  lost  in  the  conduction  band  through  the  spin- 
orbit  interaction,  and 

(3)  the  spin  flip-flop  relaxation  rate  is  not  too  small  as  compared  with 
the  spin-lattice  relaxation  rate  and  much  larger  than  w^. 

A  possibility  is  comfirmed  that  local  motion  of  off-center  N  in  Si  induced 
by  light  illumination  enhances  the  spin  flip-flop  relaxation  through  modu¬ 
lation  of  the  Fermi  contact  hf  interaction. 
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ABSTRACT 

A  digital  storage  oscilloscope  is  used  to  capture  capacitance  transients  for  the  DLTS  experi¬ 
ment.  Two  novel  data  analysis  methods  are  presented,  one  using  a  double  rate  window  and 
another  a  digital  simulation  of  the  analogue  process  in  a  lock  in  amplifier.  These  methods 
provide  considerably  more  data  than  earlier  real-time  analogue  techniques  and  can  reduce 
the  time  needed  for  the  experiment.  They  further  constitute  a  sensitive  test  as  to  whether  the 
capacitance  decay  contains  more  than  one  exponential  component.  An  experimental  example 
shows  that  trap  parameters  should  be  treated  with  caution  if  obtained  by  conventional  analogue 
methods  using  spectral  peak  positions  only. 


I.  INTRODUCTION 

The  DLTS  experiment  as  originally  proposed  by  Langd)  required  several  temperature  scans 
for  the  construction  of  a  single  Arrhenius  plot.  One  way  of  reducing  the  redundancy  inherent 
in  many  of  the  conventional  analogue  methods  is  to  use  digital  means  to  capture  the 
capacitance-time  data  and  then  to  subject  this  transient  to  appropriate  analysis. 

In  this  paper  we  describe  a  system  in  which  a  digital  storage  oscilloscope  is  used  to  capture 
capacitance  transients  during  temperature  scanning.  Two  methods  of  determining  time 
constants  of  decay  curves  are  shown;  one  a  very  simple  calculation  using  a  double  rate  window 
(DRW)  and  the  other  essentially  a  digital  simulation  of  the  analogue  process  in  a  lock  in 
amplifier  (SLIA).,  Both  techniques  allow  many  Arrhenius  points  to  be  obtained  with  a  single 
temperature  scan.  They  also  constitute  a  sensitive  test  of  whether  a  DLTS  peak  may  be 
identified  with  a  single  trap  with  temperature  independent  energy  and  capture  cross  section. 


II.  EXPERIMENT 

The  data  acquisition  is  done  by  a  Nicolet  4094B  digital  oscilloscope  with  a  Nicolet  4570  plug 
in.  The  large  range  of  times  per  point  available  on  the  plug  in  (100ns  to  10s)  allows  the 
determination  of  the  time  constant  of  the  capacitance  decay  over  a  wide  range  of  temperatures. 
Once  a  capacitance  transient  has  been  obtained  it  is  dumped  to  a  computer  and  the  curve  is 
digitally  r^uced  to  32  points  by  a  parabolic  averaging  technique.  These  points  along  with 
other  relevant  data  are  stored  on  disk  for  further  processing  and  archive  purposes. 


III.  THEORY 

The  basic  problem  of  the  DLTS  experiment  is  to  determine  the  time  constant  t(T)  of  the  decay 
of  the  capacitance  transient,  assumed  to  be 

C(f)  =  C,-AC„evp^-;j^l.  (1) 

at  each  temperature  T.  The  original  methods  used  was  to  calculate  the  DLTS  signal, 
C(ti)-C(t2),  for  a  given  rate  window  defined  by  two  instants  ti  and  ti  measured  from  the  end 
of  the  filling  pulse  and  to  determine  at  which  temperature  a  maximum  occurs.  At  this  maximum 
temperature  the  time  constant  is  a  simple  function  of  t|  and  ti. 
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The  rate  window  can  be  varied  to  obtain  different  DLTS  spectra  and  the  temperature  at  which 
a  maximum  occurs  for  each  rate  window  may  be  found.  From  these  data  the  Arrhenius  curve 
of  log(T2T)  against  1/T  may  be  plotted,  and  the  slope  and  y-intercept  are  used  to  calculate  the 
trap  energy  and  the  capture  cross  section. (O  A  similar  method  may  be  used  with  a  lock  in 
amplifier  data  acquisition  system. (2.3) 

In  the  case  of  digital  systems,  one  set  of  capacitance  transients  for  a  range  of  temperatures  is 
all  that  is  necessary  to  obtain  the  Arrhenius  plot.  Two  methods  were  found  useful,  giving 
different  insights.  These  will  be  referred  to  as  the  double  rate  window  (DRW)  technique  and 
the  simulated  lock  in  amplifier  (SLIA)  technique. 


A.  DOUBLE  RATE  WINDOW  TECHNIQUE. 

Refer  to  figure  1..  Assuming  that  the  capacitance  transient  is  of  the  form  of  equation  (1),  one 
obtains 


Co-  C,  =  AC^e.vp 


(3) 


with  a  similar  expression  for  Cj  -  C^. 
It  follows  that 


I 

X 


Cz-cA 

C3-cJ 


(4) 


and  the  time  constant  may  be  obtained  for  any  given  decay  curve..  If  the  capacitance  decay  is 
exponential  this  should  be  constant  for  any  choice  of  t  and  At.  This  is  often  not  the  case 
however,  and  the  variation  of  the  time  constant  with  different  values  of  t  and  At  for  a  given 
transient  gives  an  indication  of  the  deviation  from  exponentiality. 


V{l) 


I 


Rgurt  I 

(a)  Bias  pulse. 

(b)  Schemaiic  diagram  of  capaciunce 
ifa.".sicn(  ssijh  double  ra'c  uir.riois. 
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B.  SIMULATED  LOCK  IN  AMPLIFIER  TECHNIQUE 
In  the  SLIA  technique  the  DLTS  signal  is  the  integral 


S  = 


Cit)uj(t)dl 


(5) 


which  is  calculated  numerically.  Figure  2  indicates  the  meanings  of  Tj  and  To.  The  interval 
To  is  arbitrary  within  the  limits  of  the  measured  transient  and  variation  of  To  can  be  used  as 
a  test  for  exponentiality. 


Figure  2 
(a)  Bias  puise 

(t)  Schematic  diagram  of  capacitance  transient  with  t,j  a,nd  To  for  SLiA  method 
(c)  Weighting  function 


We  have  used  weighting  function 


«(f)  =  sin(2n(f-f,, -■ro/2}/7'„) 

and  the  cosine  of  the  same  argument.  Since  the  integral  of  w{t)  over  the  given  interval  is  zero, 
these  weighting  functions  eliminate  the  influence  of  the  constant  C„  in  (1). 
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A  theoretical  curve  of  Sih(T)  for  the  DLTS  signal  may  be  obtained  by  substituting  equations 
(1)  and  (6)  into  (5).  The  result  is: 


S„(t) 


AC„2nc^exp(-td/c){  1  -expC-r^/T)) 
Tl+ 4n^T^ 


(7) 


for  the  sine  weighting  function  with  a  similar  expression  for  the  cosine.  The  DLTS  signal  given 
by  equation  (5)  is  of  course  in  effect  the  same  signal  as  would  be  obtained  with  a  lock  in 
amplifier(2).  In  lock  in  amplifier  DLTS,  a  time  constant  and  corresponding  temperature  are 
determined  from  the  signal  maximum,  necessitating  several  scans  at  different  frequencies  to 
generate  an  Arrhenius  plot.  With  our  SLIA  methoid  the  determination  of  the  time  constant 
is  not  limited  to  the  signal  maximum  and  so  the  Arrhenius  plot  is  in  principle  generated  from 
a  single  temperature  scan. 


Suppose  capacitance  transients  have  been  obtained  at  temperatures  Tj,  i  =  1,2... N.The  algo¬ 
rithm  to  obtain  the  corresponding  time  constants  T.isas  follows; 

1.  Calculate  S„p(T,)  numerically  from  equation  (5)  using  the  experimental  capacitance 
transient  cap»ur^  at  T,. 

2.  Find  by  interpolation  the  temperature  T^,  at  which  Sexp  is  a  maximum. 

3.  Using  equation  (7)  find  the  time  constant  which isa  maximum. 

4.  For  each  temperature  T,  solve  the  equation 

=  (9) 

W  max  J 

fort,.  S,h(t,)  is  given  by  equation  (7),  S„p(r,)  has  been  calculated  instep  1  above, 
s  exp  ( T  )  in  step  2  and  S  ,^  ( t  )  in  step  3. 

Note  that  there  are  two  solutions  for  any  given  T;  (except  forT™,)  and  the  ambiguity  is  removed 
by  noting  that  ifT;  >  T„ux  then  t,>T„pj.  The  solution  of  equation  (9)  is  illustrated  sche¬ 
matically  in  fig.  3. 


Theoretical  curve  Experimental  curve 


Rjiirf  3 

Sthc.T.aiic  dijgrj!!!  jiiusiraiir,;  M'luriim  <if  cqiuison  9 
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The  weighting  function,  w(t),  used  should  not  influence  the  value  of  t  thus  obtained  if  the 
capacitance  decay  isexjwnential.  However,  ifthe  decay  is  the  sum  of  more  than  one  exponential 
term,  the  cosine  weighting  function  will  emphasize  the  initial  part  of  the  decay  transient  which 
will  be  more  dependent  on  the  shorter  time  constants  in  the  sum,  while  the  sine  weighting 
function  tends  to  emphasize  the  longer  time  constants. 

The  SLIA  technique  is  preferable  to  the  DRW  technique  for  the  calculation  of  trap  energies 
and  capture  cross  sections  since  an  integral  over  every  point  on  the  C(t)  curve  in  the  interval 
(tj,  tj+To)  is  used  to  obtain  the  DLTS  signal,  reducing  the  noise  very  considerably.  However 
as  a  test  for  non-exponentiality  the  DRW  method  is  more  sensitive  and  has  the  advantage  of 
a  considerably  reduced  computation  time. 


IV.  EXPERIMENTAL  EXAMPLES  AND  DISCUSSION 

The  much  studied  EL2  trap  in  GaAs  has  been  chosen  to  illustrate  the  use  of  the  SLIA  and 
DRW  methods.  Results  of  analysis  done  on  an  OMVPE  n-type  GaAs  sample  are  presented 
below. 

Fig.  4  shows  a  set  of  three  Arrhenius  lines,  one  generated  by  the  DRW  method  and  the  other 
two  by  the  SLIA  method  using  a  sine  and  a  cosine  weighting  function.  The  three  curves  are 
not  co-Iinear,  indicating  non-exponentiality  of  the  transient,  with  the  DRW  method  being  the 
most  sensitive  indicator,  followed  by  the  cosine  weighting  function. 


Figure  4 

Afibcnius  lines  fot  iht  hl.J  :»?  in  Ga.As. 
a '  DRW  (nclitod 

b  •  SLIA  me'.hod.  coune  ueijMwj  funeiim. 
e  ■  SLIA  n'.e:hMl.  line  ucghiing  ri;neiion. 


The  non-exponentiality  was  magnified  when  the  pulse  height  was  small,  irrespective  of  the 
value  of  the  constant  reverse  bias.  This  would  seem  to  indicate  that  it  was  a  property  of  the 
teundary  between  the  depletion  regiwi  and  the  neutral  semiconductor.  This  was  confirmed 
by  using  alternating  pulse  height.^  (3.2  V and  2  V)  with  a  subtraction  procedure!*)  which  made 
It  possible  to  sample  a  region  away  the  boundary.  The  analysis  of  this  data  was  consistent  with 
the  EL2  being  a  single  trap  of  energy  Et  »  0.82*  0.02  eVwiih  respect  to  the  amduction  band 
and  capture  cross  section  3E^I.3*  2E-13cmr;  the  rather  error  ntargin  being  attributed  to 
uncertainty  in  tc.mpcratiire  measurements. 
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Using  only  DLTS  peak  maxima  to  draw  Arrhenius  curves  can  give  rise  to  erroneous  trap 
parameters,  especially  in  the  case  where  traps  in  a  sample  are  close  in  energy.  Fig.  10  shows 
Arrhenius  curves  for  various  To  generated  by  the  SLIA  method  for  an  OMVPE  grown 
Alo.i9Gaoiti  As  sample.  The  inset  is  a  conventional  DLTS  spectrum  for  the  same  temperature 
range.  The  crosses  on  the  graph  correspond  to  the  points  generated  from  the  DLTS  peak 
maxima  for  each  curve. 


Titans 

ArrtfKH  lacj  Sk  AIq  sjCt,  ,..A« 

iSLW  WAX  »!*  I  tx  Tj-  0  Ci%. 

o.oi:i,  c.ej€».  0  ozih.  o  czs%  i-x  o  o:ii 

!x  c-jnn  »-f  mpr.-stciti 

Cmict  corrojwix  »  DLTJ  pak  wijaj 

If.fit.  CnttA-wu:  DLTS 


Although  these  points  are  relatively  co-linear,  the  resulting  trap  parameters  are  very  different 
to  those  that  would  result  from  an  analysis  using  all  the  Arrhenius  points.  Use  of  very  short 
pulse  widths  showed  that  the  DLTS  prak  contains  contributions  from  at  least  two  traps,  a  fact 
supported  by  the  shape  of  the  Arrhenius  curves  which  show  two  approximately  linear  regions 
in  the  1000/T  ranges  5.3  to  S.Sand  6.1  to  7.5  K  '.. 


V.  CONCLUSION 

We  have  shown  two  digital  methods  for  acquiring  and  processing  DLTS  data.  Such  methods 
give  considerably  more  insight  into  the  nature  of  the  capacitance  transients  being  analysed, 
and  in  particular  into  non-exponential  behaviour.  The  DRW  method,  while  relatively  sensitive 
to  noise  in  the  data,  is  also  most  sensitive  to  non-exponentiality  and  has  the  advantage  of 
requiring  very  little  computation  in  its  implementation.  The  SLIA  method  involves  more 
compulation,  but  because  it  uses  every  data  point  in  the  transient,  gives  a  more  stable  result 
over  a  large  temperature  range. 
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ABSTRACT 

Deep  level  transient  spectioscopy  and  single-shot  junction  space  charge  capacitance  transient  measurements  have 
been  used  to  measure  the  effects  of  electric-field  on  the  thermal  emission  rates  of  trapped  carriers  in  both  GaAs 
and  Si.  These  measurements  reveal  inconsistencies  when  compared  to  existing  field  cn  lanced  emission  (i.e.  Poole- 
Frenkel  effect)  theory,  which  casts  doubt  on  the  validity  of  using  these  measurements  for  the  determination  of 
defect  type,  (i.e.  donor  or  acceptor-like  transitions),  or  charge  state  of  the  emitting  center.  Space  charge  meas¬ 
urements  performed  on  S  and  Se  doped  Si  reveal  field  dependencies  inconsistent  with  existing  theory  for  the  well 
known  charge  state  of  these  centers  as  determined  by  absorption  measurements.  DLTS  measurements  per¬ 
formed  on  a  defect  previously  observed  in  MOCVD  grown  GaAs  show  unambiguously  an  electric-field  dependent 
emission  rate,  but  differing  quantitative  results  depending  on  the  method  used  to  extract  relevant  field  dependent 
parameters.  In  the  case  of  GaAs,  the  apparent  inconsistencies  can  be  resolved  if  a  temperature  dependent  field- 
effect  is  assumed;  but  it  is  shown  that  these  types  of  measurements  are  not  accurate  enough  for  the  unambiguous 
determination  of  either  defect  type  or  charge  state. 


1.  INTRODUCTION 


The  observation  of  field-enhanced,  thermal  emission,  of  trapped  carriers  has  been  used  in  the  past  for  the  determi¬ 
nation  of  the  type  of  trapping  center  present  (i.e  donor  or  acceptor)^  These  defect  type  determinations  have  been 
primarily  based  on  the  Poole-Frenkel  effect  model^.  The  Poole-Frenkel  effect  models  the  potential  experienced  by 
an  emitted  carrier  as  Coulombic,  giving  rise  to  a  reduction  in  the  measured  thermal  activation  energy  that  is  pro¬ 
portional  to  square-root  of  the  applied  electric  field.  Based  on  this  model,  it  has  been  assumed  that  if  the  defect 
site  acquires  a  net  charge  upon  emission  of  a  trapped  carrier,  electric  field  enhanced  emission  should  be  observed. 
Theoretical  calculations  also  model  certain  defect  sites  that  do  not  acquire  a  net  charge  upon  emission  of  trapped 
carriers  (i.e.  neutral  acceptors)  as  potential  wells  that  could  also  have  a  field  effected  emission  process,  however, 
most  of  these  are  proportional  to  the  applied  field  to  powers  other  then  one  half.^.  From  this  it  seems  that  the 
observation  of  field  assisted  thermal  emission  would  be  enough  to  determine,  not  only  the  type  of  defect  present, 
but  also  its  charge  state. 

This  paper  will  report  that  even  careful  field  effect  measurements  on  well  studied  defects  in  Si'^  (i.e.  S  and 
Se)  do  not  necessarily  give  results  consistent  with  the  known  type  of  the  defects  studied.  Field  enhanced  emission 
data  is  also  presented  for  a  defect  in  GaAs  which  not  only  sh'iws  these  types  of  measurements  are  not  of  an  accu¬ 
racy  suitable  to  determine  defect  type  for  this  defect,  but  ais  that  the  method  used  to  acquire  the  relevant  field 
dependent  parameters  effects  the  acquired  values.  It  is  also  shown  that  the  ambiguity  with  respect  to  the  method 
used  to  obtain  field  enhanced  emission  parameters  can  be  resolved,  at  least  in  the  case  of  GaAs,  by  assuming  a 
temperature  dependent,  field  assisted,  emission  process.^ 


2.  EXPERIMENTAL  AND  THEORETICAL  DETAILS 


The  Si  samples  used  in  this  work  were  sulfur  and  selenium  diffused  p'''n  diodes  similar  to  those  previously 
studied^'®.  Special  care  was  taken  to  make  sure  that  only  the  isolated  impurities  were  studied.  For  the  case  of  the 
GaAs  samples,  Pt  Schottky  diodes  were  fabricated  on  MOCVD  grown  epi-layers  as  previously  described^.  The 
GaAs  defect  reported  in  this  work  has  not  been  identified,  but  was  found  previously  to  have  a  field  dependent 
emission  rate,  and  an  activation  energy  for  thermal  emission  of  electrons  of  Eg-0.61eV  when  the  sample  was  re¬ 
versed  biased  at  -2.5V. 

In  order  to  investigate  any  field  effect  on  the  Si  samples  of  this  work,  single  shot  transient  measurements 
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were  performed^*^.  In  order  to  have  a  precise  value  for  the  electric-field  effecting  the  emitting  center,  a  narrow 
range  in  the  space  charge  region  was  selected  by  taking  the  difference  between  two  transients  recorded  at  two 
slightly  different  fill  pulses  and  V2  while  keeping  the  reverse  bias  constant.  The  sample  was  held  at  a  fixed 
temperature,  the  transients  recorded,  the  transient  subtraction  performed  and  then  the  results  were  plotted  semi- 
logarithmicaly  to  obtain  the  emission  rate  as  a  function  of  temperature.  In  the  case  of  the  GaAs  samples  used  In 
this  work,  the  technique  of  double  deep  level  transient  spectroscopy  (DDLTS)  was  used  to  define  a  narrow  obser¬ 
vation  window  to  allow  for  a  precise  determination  of  the  applied  electric  field^^.  The  standard  rate  window  tech¬ 
nique,  and  Arrhenius  plots  were  used  to  determine  the  emission  rates  of  the  GaAs  samples. 

The  standard  Poole-Frenket  effect  model  treats  the  trap  energy  associated  with  the  thermal  emission  of 
trapped  carriers  as  electric-field  dependent.  The  emission  rate  of  trapped  carriers,  e^„,  is  be  given  by; 

e*„(F,T)  =  A  t2  exp  [-A  E^CFI/kT]  (1) 

where  the  measured  trap  depth,  A  Ej^,  is  given  by. 


AE^,(F)=AEM(0)-AE,h.  (2) 

In  the  above  equations  F  is  the  field  effecting  the  emitting  center,  T  is  Kelvin  degrees,  k  is  Boltzmanns  constant. 
jEjL  is  the  reduction  in  the  thermal  activation  energy  due  to  the  applied  electric-field.  The  constant  A  is  Inde¬ 
pendent  of  temperature  and  given  by 


A=oOvj,,N^T-2exp(AS/k)  (3) 

where o”  =  a  exp(-Ej./kT)  is  the  capture  cross  section,  AS  is  the  change  in  enthalpy,  Vjjj  the  average  thermal 
velocity  and  N.  the  density  of  conduction  band  states.  A  simple  treatment  for  a  one  dimensional  Coulombic  poten¬ 
tial  shows  the  field  dependent  decrease  in  the  activation  energy  to  be  given  by^ 

AE,h  =  cFV2  (4) 

From  the  above  equations  it  seems  that  if  DLTS  measurements  are  used  to  obtain  defect  emission  rates,  plots  of 
A  E|^  versus  the  square  root  of  the  applied  field  should  give  the  zero  field  trap  depth  as  well  as  the  Poole-Frenkel 
coefficient,c.  It  is  also  easily  shown  that  by  combining  equations  (1),(2)  and  (4)  above,  the  emission  rate  e^j,  can  be 
written  as 


e‘„(F,T)  =  e‘„(0,T)explcFV2/kT) 


(5) 


In  this  case,  if  a  temperature  independent  Poole-Frenkel  coefficient  is  assumed,  then  plots  of  In(e^Q)  versus  the 
square  root  of  the  electric  field  should  also  give  the  Poole-Frenkel  coefficient,  c.  Regardless  of  the  method  used 
r  vs.  F^/^  or  In(eL)  vs.  F^' identical  values  of  c  should  be  obtained. 


(i.e.  plotting  A  Ejy^ 


3.  EXPERIMENTAL  RESULTS 

The  isolated  S  and  Se  doped  defects  in  Si  are  extremely  well  studied  and  are  .known  to  act  as  double  donors^^'^**. 
Therefore,  according  to  the  classic,  one  dimensional  Poole-Frenkel  effect  model,  both  the  neutral,  (S°,  Se°,  i.e. 
filled  with  two  electrons),  and  charged,  (S^,  Se'*'  i.e.  filled  with  one  electrons)  centers  should  show  field  enhanced 
emission  upon  release  of  their  trapped  electrons.  Figure  1  shows  the  ln(e^|^)  versus  F^' ^  plots  for  the  neutral  S 
and  Se  in  Si  at  the  indicated  temperature.  As  can  be  seen,  the  neutral  S°  center  shows  virtually  no  field  enhanced 
emission  whik  the  neutral  Se°  center  shows  a  field  dependence  that  is  not  proportional  to  fV2  similar  results 
were  obtainer  at  different  temperatures^..  It  is  now  pointed  out  that  the  effect  of  electric-field  on  the  thermal 
activation  ene^  can  also  be  calculated  in  three  dimensions  and  in  turn,  leads  to  a  much  more  complicated  expres¬ 
sion  for  AEji,  .  This,  however,  does  not  alter  the  result  that  neutral  S  in  Si,  a  known  donor,  shows  no  field  effect. 
It  will  also  be  shown  later  in  this  work,  that  due  to  the  inaccuracy  of  junction  space  charge  techniques,  and  the  fact 
that  theoretical  models  for  acceptors  exist  that  predict  electric-field  dependent  emission  for  these  centers,  it  is 
irrelevant  which  form  of  A  E(j,  is  used.  At  this  point  it  is  clear  however,  that  at  least  for  these  well  known  donor 
ceniers,  the  Poole-Frenkel  effect  is  not  apparent  in  one  case,  and  in  the  other,  the  one  dimensional  Poole-Frenkel 
effect  model  does  not  adequately  describe  the  field  assisted  emission.  The  reason  for  no  field  effect  for  neutral  S  is 
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unclear  at  the  moment,  however,  it  has  been 
suggested  that  donor  centers  that  have  associated 
with  them  a  temperature  dependent  capture  cross 
section,  implying  an  energy  barrier  to  carrier 
capture,  could  have  their  potentials  perturbed  to 
such  an  extent  that  any  long  range  Coulombic 
effects,  (such  as  the  Poole-Frenkel  effect),  could  be 
suppressed^^.  The  neutral  S  and  Se  centers  in  Si 
are  known  to  have  temperature  dependent  capture 
cross  sections,  therefore  their  field  assisted 
emission  processes  could  be  suppressed. 

One  problem  associated  with  field  en¬ 
hanced  emission  experiments  is  obtaining  an  accu¬ 
rate  value  for  the  Held  effecting  the  emitting  center. 
The  trap  filling  parameters  can  be  adjusted  to 
define  a  narrow  region  in  the  space  charge  region, 
but  unless  the  zero  field  trap  depth  is  known  the 
calculated  value  of  the  electric-field  is  imprecise. 
For  the  GaAs  samples  of  this  work,  the  following 
method  was  used  to  overcome  this  problem.  Ini¬ 
tially  a  guess  was  made  of  the  zero  field  trap  depth 
based  on  the  low  field  trap  depth  obtained  via 
DLTS  measurements.  Next,  equation  (2)  above 


Figure  i:  Thermal  emission  rales  versus 
the  square  root  of  applied  electric  Held  for 
sulfur  and  selenium  doped  Si. 


was  used  and  these  A  values  were  plotted  versus  the  square  root  of  the  field.  The  y-intercept  should  then 

be  the  zero-field  trap  depth.  If  the  y-intercept  was  not  equal  to  the  initial  value  used  for  the  zero-field  trap  depth, 
the  electric  fields  were  recalculated  using  this  new  extracted  value.  This  procedure  was  continued  until  the  y- 
intercept  matched  the  zero-field  trap  depth  by  1%.  In  this  manner  the  electric  fields  calculated  were  at  least 
consistent  with  the  extracted  zero  field  trap  depth.  Figure  2  shows  the  thermal  emission  rates  obtained  from  DLTS 
measurements  plotted  versus  the  square  root  of  the  applied  field  for  the  GaAs  samples.  Based  on  Equation  (5) 
above,  the  slopes  of  the  curves  in  Figure  2  should  giveihe  Poole-Frenkel  coefficient,  c.  Figure  3  also  plots  the 
actual  A  versus  the  square  root  of  the  applied  field.  This  plot  was  made  based  on  equation  (2)  above  and 

again  the  slope  should  give  the  Poole-Frenkel  coefficieni. 


280  320  360  400 

VF(V/cm) 

Figure  2:  Thermal  emission  rates  versus 
the  square  root  of  applied  field. 


280  320  360  400 


Figure  3;  DLTS  activation  energies  versus 
the  square  root  of  the  applied  field. 
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What  becomes  immediately  apparent  from  these  plots  is  that  the  Poole-Prenkel  coefricients  are  not  equal  for  the 
two  methods  used.  From  Figure  2  the  value  of  c  appears  to  be  temperature  dependent  with  a  value  for  c  of 
2.95xlO'‘*ev/(V/cm)^' ^  at  280K  and  3.32xlO"'^ev/(V/cm)^/^  at  260K.  The  value  of  c  obtained  from  Figure  3  gives 
a  value  of  4.8xlO'‘*eV/(V/cm) which  is  different  from  that  obtained  via  Figure  2.  At  this  point  it  is  tempting  to 
make  the  assumption  that  even  though  the  two  methods  used  to  extract  the  coefficient  c  give  differing  values,  the 
unambiguous  observation  of  a  field  assisted  emission  process  is  enough  to  at  least  determine  the  donor  like  nature 
of  this  defect.  Theoretical  work  however,  on  neutral  acceptor  centers,  seems  to  indicate  that  for  certain  potentials, 
such  as  a  polarization  potential,  there  should  still  be  a  field  assisted  emission  process  but  it  should  be  proportional 
to  the  field  to  the  four-fifths  power.  Figure  4  is  a  plot  of  the  thermal  emission  rates  versus  the  applied  field  to  the 
four-fifths^.  It  is  clear  ftom  this  figure  that  the  accuracy  of  the  measurement  technique  is  not  sufficient  to  deter¬ 
mine  the  difference  between  the  square  root  of  the  field,  or,  of  the  field  to  the  four-fifths  power.  Therefore,  even 
the  observation  of  a  field  assisted  emission  process  is  not  enough  to  determine  the  donor  like  nature  of  an  emitting 
center. 

From  the  analysis  of  this  work  it  would  appear  that  the  Poole-Frenkel  coefficient  is  temperature  depend¬ 
ent.  If  it  is  assumed  that  c  takes  the  form 


AE,h  =  (a-bT)Fl/2 


(6) 


then,  the  Poole-Frenkel  coefficients  obtained  from  Figure  2  are  now  the  temperature  dependent  Poole-Frenkel 
coefficients.  Figure  S  shows  the  plots  of  these  temperature  dependent  coefficients  versus  inverse  temperature.  As 
can  be  seen  by  this  figure,  a  straight  line  is  obtained  implying  a  linear  temperature  dependence  for  the  Poole- 
Frenkel  coefficients  of  the  GaAs  sample  used  in  this  work.  It  is  also  pointed  out,  that  assuming  a  temperature 
dependent  Poole-Frenkel  coefficient,  the  apparent  discrepancies  obtained  when  obtaining  c  from  different  analysis 
can  be  easily  resolved.  The  value  obtained  for  c  from  Figure  3  is  the  temperature  dependent  Poole-Frenkel  coeffi¬ 
cient  at  T=0K.  This  value  was  found  to  be  4.8xlO'‘*eV(V/cm)'^' ^  and  is  in  reasonable  agreement  with  the  T=0K 
value  of  5.2xlO'‘^eV(V/cm)*^' ^  extracted  from  Figure  5. 


Figure  4:  Thermal  emission  rales  versus  Figure  5:  Poole-Frenkel  coefficients,  c, 

the  applied  field  to  (he  four-fifths  power.  versus  temperature. 


4.  DISCUSSION  AND  CONCLUSION 


In  conclusion,  due  to  the  inaccuracy  of  junction  space  charge  measurement  techniques,  and  the  fact  that  both 
Coulombic  and  certain  non-Coulombic  (raps  are  theorized  to  have  field  enhanced  emission  a.s.sociatcd  with  them, 
the  observation  of  field  enhanced  emission  is  not  suffici-nt  to  unambiguously  determine  the  charge  sate  or  the 
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donor  like  nature  of  an  emitting  center.  Experimental  evidence  also  suggests  that  the  absence  of  field  enhanced 
emission  is  also  not  sufficient  to  unambiguously  determine  the  acceptor  like  nature  of  a  defect  center.  It  is  also 
shown  that  based  on  the  GaAs  measurements  of  this  work,  certain  inconsistencies  exist  with  respect  to  the  extract¬ 
ed  Poole-Frenkel  coefficients  and  the  analysis  method  used.  These  inconsistencies,  at  least  in  this  work,  can  be 
resolved  by  assuming  a  temperature  dependent  field  enhanced  emission  process. 
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ABSTRACT 

Transition  metals  form  defects  in  silicon  that  lead  to  reduced  device  performance 
and  yield.  Thus,  it  is  necessary  to  improve  techniques  that  detect  metals  in  silicon. 
Neutron  activation  analysis  has  long  been  used  to  identify  metals  and  determine 
their  concentration  through  the  measurement  of  their  characteristic  gamma  rays. 
However,  lower  energy  gamm;i  rays  and  x-rays  (<120  keV)  are  also  emitted  by 
metals  that  have  been  irradiated  in  silicon  and  it  is  advantageous  to  detect  these 
x-rays.  This  paper  describes  the  use  of  a  low-energy  photon  spectrometer  (LEPS) 
system  and  the  gains  in  metal  detection  that  are  possible. 

X-rays  from  elements  such  as  iron,  chromium,  copper,  zinc,  and  germanium  have 
been  detected  in  silicon  wafers  with  the  aid  of  the  LEPS  detector.  When  these 
elements  are  irradiated  by  neutrons,  they  undergo  a  neutron  capture  event  to  form 
an  unstable  isotope  that  decays  by  electron  capture  to  a  nucleus  with  one  less 
proton.  An  example  of  this  would  be  (n.y)  ^Cu->  ^Ni.  The  Ni  atom  then 
emits  the  x-rays  as  a  result  of  the  rearrangement  of  the  electron  orbitals.  The  near¬ 
surface  region  of  the  silicon  wafer  is  probed  since  the  low-energy  x-rays  detected 
by  the  LEPS  are  attenuated  within  the  sample.  This  allows  the  location  of  the 
metal  atoms  to  be  isolated  to  either  the  front  or  back  surface  of  the  wafer. 
Advantages  for  the  technique  are  the  high  resolution  of  the  detector,  the  reduction 
in  background  due  to  the  high-energy  gamma-ray  processes,  and  the  fact  that  there 
are  fewer  peaks  associated  with  the  spectrum  than  there  are  with  a  gamma-ray 
spectrum. 


1.  Introduction 

The  introduction  of  contamination,  especially  transition  group  metals  (Cu,  Fe,  Co, 
Ni,  etc),  during  the  fabrication  of  integrated  circuits  has  been  a  continuous 
problem  for  the  semiconductor  industry.  The  presence  of  these  metals  has  had  a 
negative  impact  on  the  silicon  device  performance  through  the  formation  of 
microdefects  in  the  Si  lattice  during  heat  treatments  and  the  reduction  of  the 
minority  carrier  lifetimes  through  the  formation  of  generation-recombination 
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centers.  The  concentrations  of  the  contaminants  needed  to  degrade  the  lifetimes 
are  very  small  [1]  and  are  certainly  beyond  the  reach  of  most  conventional 
analytical  chemical  techniques.  Secondary  ion  mass  spectrometry  (SIMS)  and  total 
reflectance  x-ray  fluorescence  (TXRF)  with  their  ability  to  quantify  and  profile 
impurities  both  in  the  bulk  and  at  the  surface  have  been  invaluable  tools  in  the 
semiconductor  industry.  Neutron  activation  analysis  (NAA),  following  reactor 
neutron  irradiation,  is  a  versatile  tool  capable  of  determining  the  total  impurity 
concentration  within  the  wafer  with  no  information  on  the  depth  distribution.  The 
use  of  Y  ray  spectroscopy  with  high-resolution,  high-efficiency  Ge  detectors  offers 
very  high  sensitivity  for  most  elements  in  the  Si  matrix.  Unfortunately,  when 
dealing  with  contamination  studies  as  a  result  of  processing,  there  exists  a 
fundamental  problem  with  any  of  these  techniques.  This  problem  is  that  they  all 
assume  a  uniform  distribution  of  the  contaminants.  This  is  not  always  the  case  as 
observed  by  the  Haze  technique  [2,3]  or  by  autoradiography  [4]  following  reactor 
neutron  irradiation.  Haze  and  autoradiography  both  have  shown  that  the 
contamination  introduced  during  device  fabrication  may  be  localized  on  the  wafer. 

In  general,  when  a  material  is  irradiated  with  neutrons,  the  radionuclides  formed 
decay  by  B  emission  which  is  followed  by  the  emission  of  y  rays.  The  resulting  y  ray 
spectrum  tends  to  be  rather  complex  depending  upon  the  contaminants  present. 
The  presence  of  low-level  contaminants  may  be  obscured  by  spectral  interferences 
and  high  background  due  to  bremsstrahlung  radiation  and  Compton  scattering.  X- 
ray  spectrometry  using  a  Si(Li)  detector  or  a  low  energy  photon  spectrometer 
(LEPS),  which  is  a  planar  high-purity  Ge  detector,  may  be  used  to  detect  the  x-rays 
or  low  energy  y  rays  emitted  following  the  decay  of  some  radionuclides.  The 
advantages  of  using  the  LEPS  detector  are  that  the  x-ray  spectra  tend  to  be  less 
complex  so  overlaps  of  x-ray  peaks  are  minimized,  and  there  is  unambiguous 
identification  of  the  elements  since  the  x-ray  energies  are  well  known.  The 
detector  has  high  resolution  with  a  lower  background  since  the  contribution  from 
the  Y  rays  is  minimized  due  to  a  reduced  response  to  higher  energy  photons. 
Spectral  interferences  that  may  occur  are  due  to  fluorescent  x-rays  from  the 
detector  and  bremsstrahlung  radiation  from  the  B  particles.  The  latter  effect  may 
be  overcome  by  use  of  absorbers  or  by  a  magnetic  field  [5,6]  set  to  deflect  the  B 
particles.  Self-absorption  of  the  low  energy  x-rays  may  be  a  problem  for  some 
matrices  but  it  may  be  used  to  some  advantage  in  differentiating  between  front  and 
back  surface  contamination. 


II.  Experimental 

Liquid  spectrometric  standard  solutions  from  the  NIST  and  Alpha  Products 
SPECPURE  Plasma  Emission  Standards  were  used  to  determine  the  sensitivities 
for  each  element.  The  x-rays  and  low  energy  y  rays  were  measured  on  an  Ortec 
LEPS  detector  with  an  energy  resolution  of  195  eV  FWHM  at  5.9  keV.  The  y  ray 
spectra  were  measured  on  a  Canberra  Ge  detector  with  a  relative  efficiency  of  27% 
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and  an  energy  resolution  of  1.8  keV  FWHM  at  1332  keV.  The  samples  were 
irradiated  at  the  Cornell  University  Triga  Reactor  for  1  hour  at  a  thermal  neutron 
flux  of  1x10  n/cm‘‘/sec,  an  integrated  epithermal  neutron  flux  of  1x10^” 
n/cm^/sec,  and  a  fast  neutron  flux  of  8x10^*^  n/cm^/sec.  A  volume  of  150  /il  of  the 
irradiated  solution  was  used  to  make  a  point  source  standard  with  the  activity 
measured  in  a  fixed  position.  The  same  sample  was  used  to  measure  both  the  x-ray 
and  Y  ray  spectra. 

The  Si  wafers  analyzed  were  4-inch  diameter  n-type  Czochralski  wafers  with  a 
(100)  orientation  and  a  resistivity  of  30  ohm-cm.  The  Si  wafers  were  irradiated  at 
the  University  of  Missouri  Research  Reactor  for  75  hours  at  a  thermal  neutron  flux 
of  5x10^^  n/cmVsec,  an  integrated  epithermal  neutron  flux  of  1x10^^  n/cmVsec, 
and  a  fast  neutron  flux  of  8x10^^  n/cmVsec.  The  samples  were  cleaned  in  a  dilute 
aqua  regia  solution  and  allowed  to  decay  for  at  least  46  hours  prior  to  data 
acquisition.  The  concentrations  of  the  contaminants  were  determined  using  the 
parametric  method  of  NAA  using  the  fundamental  nuclear  parameters  [7,8].  The 
cross  sections,  resonance  integrals,  and  isotopic  abundances  used  were  from  [9], 
the  Y  ray  intensities  and  half-lives  from  the  tables  by  Erdtmann  [10],  and  the  x-ray 
specific  parameters  were  obtained  from  the  Table  of  the  Isotopes  [11]. 

III.  Discussion 

NAA  has  been  used  for  the  analysis  of  Si  and  the  characterization  of 
contamination  introduced  during  processing  [12,13]  for  many  years.  Si  is  an  ideal 
matrix  for  contamination  studies  due  to  its  nuclear  properties  (short  half-life,  low 
neutron  capture  cross  section,  and  low  y  ray  intensity).  When  a  material  is 
irradiated  by  neutrons,  all  isotopes  have  a  probability  of  capturing  a  neutron  and 
forming  a  radionuclide.  The  radionuclide  formed  may  then  decay  by  B  emission  to 
a  stable  nuclide  that  is  in  an  excited  state  (daughter  nuclide).  This  excited 
daughter  nuclide  then  de-excites  via  the  emission  of  y  rays  to  the  ground  state.  In 
addition,  there  are  several  modes  of  B  decay  that  give  rise  to  the  emission  of  x- 
rays.  These  modes  of  decay  are:  the  internal  conversion  (IC)  process  following  an 
isomeric  transition  (IT),  orbital  electron  capture  (EC),  and  B  decay  accompanied 
by  IC.  The  origin  of  the  x-rays  detected  for  the  IC  process  is  the  parent  nuclide 
with  atomic  number  Z,  the  x-rays  emitted  from  EC  are  fron  the  daughter  nuclide 
with  atomic  number  Z-1,  and  the  x-rays  from  the  B  decay  plus  IC  process  are  also 
from  the  daughter  nuclide  but  with  the  atomic  number  Z+1.  There  are 
approximately  60  elements  that  may  be  detected  by  measuring  their  x-rays  but 
many  of  them  have  half-lives  that  are  relatively  short  so  that  measurement  is 
difficult  unless  they  are  done  at  the  reactor.  There  are  approximately  30  elements 
that  have  half-lives  that  are  sufficiently  long  so  that  they  are  readily  measured.  The 
measurement  of  x-rays  following  neutron  irradiation  has  been  employed  for  the 
measurement  of  the  rare  earth  elements  in  geological  material  as  well  as  U  and 
Th  [14-18]  but  nothing  has  appeared  with  respect  to  semiconductor  material.  Some 
of  the  more  common  elements  of  interest  to  the  semiconductor  industry  are  listed 
in  Table  I.  The  mode  of  decay,  the  x-rays  detected  and  an  enhancement  factor. 
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which  is  a  ratio  for  the  x-ray  to  the  y  ray  sensitivities,  are  also  listed.  As  we  can 
see  from  Table  I,  the  elements  listed  all  have  an  advantage  of  measuring  the  x-ray 
over  their  associated  y  rays  and  would  indicate  a  preference  for  their  measurement 
by  x-ray  spectrometry. 


Table  I.  Elements  which  decay  by  x-ray  emission  following  neutron  irradiation. 
Mode  of  decay,  origin  of  the  x-rays,  and  enhancement  factors  are  listed. 


Element 

Isotope 

Decay 

X-ray  emitted 

Enhancement 
Factor  (EF) 

Cr 

5iCr 

EC 

V 

2.9 

Fe 

55Fe 

EC 

Mn 

noy  rays 

Cu 

^Cu 

EC 

Ni 

150 

Zn 

6^Zn 

EC 

Cu 

3.3 

Ge 

■^^Ge 

EC 

Ga 

no  y  rays  1 

Pt 

191pt 

EC 

Ir 

12.6  1 

195mpj 

IT 

Pt 

2.3  1 

Note:  Fe  and  Ge  have  no  enhancement  factors  (EF)  since  there  are  no  y  rays 
associated  with  the  decay  from  the  isotope  emitting  the  x-rays.  If  we  were  to 
compare  the  response  from  the  two  radionuclides  of  Fe  and  Ge,  the  EF  for  Fe 
would  be  3.5  and  28S.7  for  Ge. 


The  detection  of  Cu  and  Ge  in  silicon  may  only  be  unambiguously  determined  by 
the  measurement  of  their  x-rays,  unless  they  are  present  in  substantial  quantities. 
Their  only  Y*emitting  isotopes  have  short  half-lives  and  are  not  generally  observed. 
Ge  does  have  a  long-lived  isotope  but  it  only  decays  with  the  emission  of  x-rays. 
Table  II  contains  the  sensitivity  or  detection  limits  for  the  elements  of  interest  in 
terms  of  total  number  of  atoms  detected.  The  detection  limits  are  listed  this  way 
in  order  to  eliminate  the  dependence  on  volume  and  sample  size.  The  energies  of 
the  x-rays  are  sufficiently  low  that  they  undergo  scattering  and  absorption  in  the 
host  matrix  more  then  the  higher  energy  y  rays  and  the  measured  activity  must  be 
corrected  for  this  absorption  and  scattering.  There  is  essentially  no  absorption 
effects  for  the  y  rays  emitted  in  a  Si  wafer.  Typical  ranges  for  the  x-rays  will  vary 
from  about  160  and  350  ^m  for  the  Cr  and  Cu  x-rays  to  over  650  for  Ge.  All  of 
the  elements  above  Ga  would  have  ranges  in  excess  of  the  thickness  of  the  Si 
wafer. 
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Table  II.  Detection  limits  for  the  x-ray  emitting  elements  following  neutron 
irradiation.  Limits  are  listed  as  atoms  in  a  Si  matrix. 


Element/Isotope 

X-ray  Detection  Limit 
(atoms) 

Y  Ray  Detection  Limit  | 
(atoms)  1 

Cr/5‘Cr 

7.3xl0‘® 

2.1x10**  1 

Fe/^^Fe 

l.lxlO’^ 

Fe/^’Fe 

- 

3.8x10*^ 

Cu/'^Cu 

3.3x10*® 

5.0x10*2 

Zn/'^^Zn 

6.1x10** 

2.0x10*2 

Ge/^’Ge 

2.1x10*® 

- 

Ge/’^Ge 

- 

6.0x10*2 

1  Pt/^’^Pt 

2.3x10** 

2.9x10*2 

pt/195nipj 

1.4x10** 

3.2x10** 

Note:  Th  m  limits  were  determined  assuming  a  thermal  neutron  flux  of 

5xl0’^  n/c,  n  epithermal  neutron  flux  of  1x10^  n/cm^/sec,  an  irradiation 

time  of  75  houis,  and  a  decay  time  of  46  hours. 


An  example  of  x-ray  spectrometry  on  an  unprocessed  starting  substrate  is  tabulated 
in  Table  III.  The  results  of  the  x-ray  measurement  are  presented  for  both  the 
polished  front  surface  and  the  back  surface.  The  irradiation  conditions  are  the 
same  as  those  listed  for  Table  II.  The  measured  activity  of  the  sample  has  been 
corrected  for  absorption  within  the  Si  matrix  using  the  photon  cross  sections  by 
Storm  and  Israel  [19]. 


Table  III.  Analysis  of  the  emitted  x-rays  from  a  polished  Si  wafer  following 
neutron  irradiation.  The  results  are  listed  as  atoms/cm^. 


Sample 

Cu 

Ge 

Fe 

Front  Side 

9.3x10*2 

2.9x10*2 

3.3x10*^ 

Back  Side 

1.7x10*^ 

2.6x10*2 

4.8x10*^ 

It  should  be  no  surprise  to  see  the  level  of  Fe  and  Cu  contamination  present  in  this 
sample.  The  presence  of  Ge  has  not  been  reported  in  the  past,  although  one  would 
expect  to  see  it  since  its  chemistry  is  similar  to  Si,  and  it  is  very  difficult  to 
determine  following  y  ray  spectroscopy.  However,  as  stated  earlier,  x-ray 
spectroscopy  is  a  viable  way  to  detect  Ge. 
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In  conclusion,  the  use  of  x-ray  spectroscopy  has  some  advantages  over  y  ray 
spectroscopy  as  stated  in  the  introduction.  When  used  in  conjunction  with  y  ray 
spectroscopy,  it  aids  in  the  determination  of  some  of  the  elements  of  interest  in 
the  semiconductor  industry.  The  determination  of  Cr,  Fe,  and  Zn  are  all  enhanced 
and  the  detection  limit  for  Cu  and  Ge  is  reduced  approximately  two  orders  of 
magnitude.  The  low  energy  x-rays  also  allow  us  to  differentiate  between  the 
contamination  present  on  the  front  and  back  sides  of  the  wafer. 
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abstract 

Electrically  detected  magnetic  resonance  (EDMR)  experiments  showing  spin  dependent 
recombination  in  commercial  p-n  diodes  are  presented.  In  Si:Pt  pin-diodes  for  the  first  time 
an  axial  defect  is  observed  by  EDMR  (g|  |  =  1.97,  gj^  =2.04).  Calculations  of  the  recombination 
current  taking  into  account  the  energy  levels,  capture  aoss  sections  and  concentrations  of  the 
Pt  defects  as  obtained  by  Deep  Level  Transient  Spectroscopy  (DLTS)  show  that  the  spin 
dependent  recombination  occurs  at  the  Pt  donor  level.  In  1  N4007  p'''-n-diodes  the  isotropic 
resonance  at  g= 2.004  often  attributed  to  dangling  bond  centers  (P^,)  is  studied  in  detail  by 
EDMR  and  DLTS.  Isochronal  and  isothermal  annealing  experiments  show  that  the  defect 
behaves  very  similar  as  the  divacany  in  bulk  Si. 


1.  Introduction 

The  detailed  knowledge  about  the  the  microscopic  structure  of  deep  and  shallow  impurities 
in  Si  has  mainly  be  supported  by  conventional  electron  paramagnetic  resonance  (EPR). 
While  in  the  late  fifties  shallow  donors  and  acceptors  were  of  current  interest  [1],  in  the 
sixties  the  role  of  transition  metal  elements  [2]  and  vacancy  type  defects  [3]  in  Si  were 
investigated  in  great  detail.  EPR  allowed  to  condude  about  site  (interstitial,  substitutional) 
and  symmetry  (isolated,  complexed,  Jabn-Teller  distorted)  of  the  point  defects.  While  EPR 
is  best  suited  for  volume  samples,  it  is  often  limited  for  applications  in  thin,  epitaxial  samples 
and  espedally  in  active  devices.  Detection  of  electrically  active  defects  by  EPR  in  a  space 
charge  region  of  a  Si  diode  could  bring  together  two  important  characterisation  techniques, 
i.e.  the  space  charge  techniques  like  DLTS  and  EPR.  DLTS  gives  the  information  about  the 
number  of  defects,  their  capture  cross  section  and  energetical  position  of  the  level  in  gap, 
informations  not  always  easy  to  obtain  by  EPR,  but,  more  serious,  caimot  be  obtained  on  the 
same  sample. 


2.  Experimental 

The  EDMR  experiments  were  performed  at  room  temperature  on  commerdally  available  Si 
p-n  diodes  (IN  4007,  BY  448).  By  forward  biasing  the  diode,  with  a  current  flow  in  the  range 
from  1  nA  up  to  1  mA  (recombination  current  regime),  synchronous  changes  in  the  voltage 
under  constant  current  (Keithley  22S  Current  Source)  by  on/off  modulation  of  the 
microwaves  were  detected.  The  sample  was  placed  in  a  cylindical  TEqjj  r^nator  with  a 
loaded  Q  of  12000.  Hie  microwave  tystem  operates  in  the  9  GHz  region  (X-band).  A 
maximum  power  of  200  mW  was  delivered  by  a  frequency  stabilized  klystron  (Varian  V-262). 
DPPH  was  ased  as  a  g-marker.  Narrow  band  lock-in  detection  (PAR  124A)  was  essential. 
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Magnetic  field  (mT) 

Fig3  :  Electrically  detected  magnetic  resonance  observed  in  the  diode  1  N4007  (inset: 
measurement  under  high  resolution) 

Si/Si02  interface  [8],  which  is  in  cinflict  with  our  result  that  the  resonance  is  observable  in 
the  recombination  current  in  the  space  charge  region  of  the  diode.  Therefore  defects  present 
in  the  ^ace  charge  region  must  account  for  the  resonance.  DLTS  experiments  revealed  the 
presence  of  majority  carrier  traps  at  -i-  025  ±  0.005  eV  and  Ey  -t-  03  ±  0.05,  additional^ 
a  miniority  carrier  trap  is  found  at  appr.  E^  -  035  ±  0.05  eV.  Neither  energy  levek  can  be 
identifled  with  the  metal  elements  Au  and  Pt  often  used  as  dopants.  By  a  comparison  with 
reported  energy  levek  for  intrinsic  vacanty  type  defects,  two  of  them  fall  into  the  energy 
range  where  the  levek  of  the  divacanty  [11]  have  been  observed  (G7:  E^  -  03  eV;  G6:  ^ 
024  eV).  The  DLTS  experiments  give  for  the  concentrations  of  all  ob^rved  tra^  10^”  to 
10^*  cm'^.  To  support  the  idea  that  the  divacanty  has  been  observed  we  studied  the  behaviour 
of  the  EDMR  and  DLTS  signak  under  isochronal  and  isothermal  armealitig  steps.  For  15  min 
armealing  times  from  180  up  to  350  °C  the  decay  of  the  EDMR  signal  k  shown  in  fig.4 
together  with  the  kinetics  of  G7  and  G6  taken  from  [10].  The  isothermal  annealing 
experiments  at  310  and  330  showed  thermally  activated  behaviour  with  an  activation 
energy  of  1.45  ±  0.05  eV,  the  pre-exponential  factor  was  determined  to  be  (2  ±  1)  •  10^  s'^. 
Both  results  correlate  closely  with  the  well  establkhed  kinetics  of  the  divacancy  [11,12].  Hie 
charge  state  of  the  divacancy,  which  k  responsible  for  the  EDMR  resonance  sig^,  the  singly 
ionised  donor  and  acceptor  charge  states  of  the  divacaiy  are  paramagnetic,  remains 
undetermined  at  the  moment  Low  temperature  measurements  are  needed  to  aimpare  our 
results  with  conventional  ESR  investigation,  which  were  restricted  to  temperatures  below  120 
K. 

Vacancy  type  defects  in  Si  are  produced  by  particle  imdiation  (electrons,  neutrons  etc).  Tlie 
device  fabrication  also  includes  processes  v^re  vacancies  can  be  formed  (e.g.  implantation, 
metallkation).  If  after  the  last  fabrication  step  no  proper  armealing  has  been  carried  out  (that 
might  be  plausible  for  such  a  low  cost  device)  vacant  type  defects  might  still  be  present  in 
the  Si  pn-diodes. 
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Angle  (degrees) 

Fig.l  :  Angular  dependence  of  the  electrically  detected  magnetic  resonance  line  at  room 
temperature,  v  =9.51  GHz.  The  inset  shows  the  resonance  togetl^  with  the  g-maricer 
(negative  signal). 

3.  Experimental  Results  and  Discussion 

aXSi;Pi  pn-diwltf 

Fig.1  (see  inset)  shows  the  EDMR  signal  obtained  as  microwave  induced  change  in  the 
voltage,  when  the  diode  is  forward  biased  under  a  constant  current  of  500  nA  (the  negative 
signal  is  due  to  the  g-marker  DPPH).  The  signal  is  observed  from  a  few  nA  up  to  mA  with  a 
maximum  at  SOO  nA  in  the  recombination  current  range  of  the  diode.  However,  in  otmtrast  to 
other  experiments,  the  EDMR  signal  is  not  isotropic;  We  observe  the  resonance  position  for 
BqII(III)  at  g=1.97  ±  0.01  and  for  B0l(111)  at  g-2.04  ±  0.01,  the  measured  angular 
dependence  is  periodic  in  180  degrees  a^  resolves  the  axial  syiiunetry  of  the  defect  (see 
ng.l).  The  observed  g-values  point  to  a  deep  center  in  Si. 

EDMR  detects  the  spin  resonance  of  the  defects  in  the  space  charge  region  of  the  pn-diode. 
This  gives  the  possibili^  to  use  the  same  device  for  capacitance  spectrosa^,  DLTS.  A 
complete  analysis  of  the  DLTS  experimenu  revealed  the  presence  of  only  one  dominating 
majority  carrier  trap  at  E^.  -  0.23  ±  0.005  eV  with  a  elecuon  capture  cross  section  ( a  )  of 
5  •  lO'*^  cm‘^  and  a  concentration  of  appr.  6  •  10*^  cm'^  (the  shallow  badcgroui^  drying 
was  estimated  from  C-V  measurments  to  be  appr.  4  •  10**  cm'^).  These  results  identify  the 
center  as  the  Pt  0/-  acceptor  level  in  Si  f4].  DLTS  also  revealed  the  presence  of  two 
additional  traps  at  E^  -  0.55  eV  and  E^.  -  03  eV  but  in  concentrations  10"*  below  the 
background  doping.  Under  forward  bias  the  Pt  related  donor  level  at  Ey  -i-  032  eV  was 
observed  as  a  minority  carrier  trap.  The  DLTS  results  are  in  line  with  informations  obtained 
from  the  manufa^urer  of  the  diodes.  Pt  was  introduced  into  the  diodes  as  a  life  time  kiiier 
resulting  in  faster  switdiing  times  (SJ. 

The  question  which  charge  state  of  Pt  is  involved  in  the  spin  dependent  recombination,  can 
be  answered  when  we  examine  the  relative  contributions  of  the  Pt  donor  and  accqitor  level 
in  the  Shockley-Read-Hall  recombination  of  the  diode.  We  use  the  numerical  1  dimensional 
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X  (10-6m) 

Fig.2 :  Numerical  simulation  of  the  different  recombination  rates  for  the  diode  BY  448  SirPt 

solution  of  the  stationary  semiconductor  equation  (poisson  equation,  continuity  equations  for 
electrons  and  holes)  [6].  The  doping  concentrations  on  both  sides  of  the  p-n  junction  are 
taken  to  be  N^=N£j=5  •  10^'*  cm*^  For  the  calculation  the  voltage  was  set  to  V£)=0.1  V.  In 
the  numerical  simulation  the  recombination  rate  through  mid  gap  centers  with 
concentration  dependent  electron  and  hole  lifetimes  is  compared  with  the  recombination  rate 
Rpj  through  the  Pt  acceptor  and  Pt  donor  level.  The  parameters  for  the  Pt  centers,  i.e. 
binding  energies  and  cross  sections  are  taken  from  the  DLTS  experiments.  For  the  Pt  0/- 
acceptor  level  we  used  -  0.23  eV  and  a ^  5  •  10’^'*  cm^  for  the  donor  +/0  level  the 
values  Ey  +  0.32  eV  and  ffp®  1  •  10'^^  cnr,  both  with  equal  concentrations  of  7.5  •  10^ 
cm'^  The  electron  and  hole  lifetimes  are  taken  to  be  equal,  their  respective  values  for  the 
acceptor  and  donor  centers  were  estimated  to  be  6  •  10’^  s  and  ^^=1  •  10'^  s.  The 
result  of  the  simulation  is  shown  in  fig.2.  The  Pt  related  recombination  is  higher  than  the 
typical  Si  (  Rj )  recombination.  The  difference,  which  is  about  one  order  of  magnitude  for 
Vj5=0.1  V  (the  corresponding  current  is  65  nA),  increases  further  with  increasing  applied 
voltage.  One  further  important  aspect  is,  that  the  contribution  of  the  Pt  acceptor  level  to  the 
total  recombination  rate  R^^^  is  negligible  compared  to  the  contribution  of  the  donor  level. 
This  recombination  rate  does  not  differ  from  Rj^jj  shown  in  fig.2  (the  simulation  also  shows 
that  contributions  from  the  shallow  donor  level  Vt**^'*  appr.  70  meV  above  the  valence 
band  [7]  have  no  influence  on  the  recombination).  Pt^  is  expected  to  be  paramagnetic  and 
our  calculations  of  the  recombination  current  indicate  that  the  donor  level  is  dominating.  We 
therefore  tentatively  identify  the  EDMR  resonance  to  Pt"*^.  However,  no  EPR  results  for  a 
comparison  are  available  so  far. 


hIS±p-n  diodes 

The  first  successful  experiment  using  EDMR  experiments  in  commercial  1  N4007  Si  p-n 
diodes  dates  back  till  1976  [8].  No  clear  microscopic  structure  identification  of  the  defect 
being  responsible  for  the  spin  dependent  recombination  has  been  given,  simiiarities  with  the 
Pj,  centers  have  been  pointed  out  [9,10].  Fig.  3  shows  the  EDMR  signal  obtained  as 
microwave  induced  change  in  the  voltage,  when  the  diode  is  forward  biased  under  a  constant 
current  of  500  nA.  The  EDMR  signal  is  within  the  experimental  resolution  isotropic  with  a  g- 
value  of  g= 2.004,  under  higher  resolution  and  signal  averaging  we  note  that  the  it  consists  of 
two  lines.  Recent  experiments  attributed  the  resonance  to  the  Pj,  centers  located  at  the 
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Fig.  4:  Isochronal  (ISmin)  annealing  experiments  (resonance  intensity  as  a  function  of 
annealing  temperature,  full  squares)  performed  on  the  diode  1  N4007  in  comparison  with  the 
results  reported  in  ref.  11  (open  symbols). 

In  summary,  electrically  detected  magnetic  resonance  investigations  in  >i  p-n  diodes  showed 
spin  dependent  recombination  with  deep  centers.  We  present  experimental  evidence  that  a 
Pt-related  center  and  the  divacancy  defect  are  involved.  The  EDMR  technique  can  be  an 
important  step  forward  to  apply  the  great  potential  of  magnetic  resonance  to  the  defect 
characterisation  in  active  devices. 
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EXCITED  DEFECT  ENERGY  STATES 
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ABSTRACT 

We  report  on  the  determination  of  valley-orbit  splittings  of  nitrogen  in 
different  SiC  polytypes  by  exploiting  the  temperature  dependence  of  the 
ESR  signal  amplitudes..  The  effect  is  shown  to  be  caused  by  an  Orbach 
spin-lattice  relaxation  process  and,  therefore,  enables  us  to  measure 
relaxation  times.  The  reliability  of  the  method  was  tested  by  detection  of 
the  Is  ground  state  splitting  of  phosphorus  and  arsenic  in  silicon  and  it 
is  applied  to  other  defects  in  Si-.P  as  well  as  to  the  Ga^s  antisite  related 
defect  in  GaAs.  New  results  on  hyperfine  splittings  are  presented,  too. 


1. INTRODUCTION 

The  electrons  of  group  V  donors  in  silicon  are  known  to  exhibit  an  expo¬ 
nential  spin-lattice  relaxation  at  sufficiently  high  temperatures  and  the 
energy  Involved,  AE,  is  the  valley-orbit  splitting  of  the  Is  ground  state'. 
AE  determines  the  spin-lattice  relaxation  time  T|  and  its  measurement  in 
the  interesting  temperature  range  usually  requires  saturation  experiments 
and/or  the  observation  of  line  broadening  by  £loctron-Spin-Resonance'. 
Binding  energies  of  the  ground  -  and  excited  states  are  nowadays  ex¬ 
tracted  from  optical  -  or  Raman  spectroscopy  because  of  their  enormous 
energy  resolution.  However,  additional  informations  are  required  to  as¬ 
sign  a  spectrum  to  a  particular  impurity  at  a  certain  lattice  site  and 
some  of  these  methods  are  much  less  sensitive  than  ESR  spectroscopy. 
In  addition  the  valley-orbit  splitting  of  the  ground  state  together  with  the 
hyperfine  splitting  observable  by  ESR  give  useful  informations  for  cor¬ 
rections  to  the  effective-mass  theory  which  usually  predicts  well  the 
binding  energy  of  excited  states  but  not  the  central-cell  potential. 

It  is  the  purpose  of  this  paper  to  show  that  ground  state  splittings  can 
be  simply  determined  by  the  detection  of  an  anomalous  decrease  of  the 
ESR  line  amplitude  with  increasing  temperature  which  is  caused  by  the 
exponential  temperature  dependence  of  Tf.  The  phenomenon  is  observed 
on  donor  resonances  in  different  substances  as  well  as  on  an  acceptor 
resonance.  Compensation  is  suspected  to  influence  the  data. 


2.  MODEL 

We  assume  inhomogeneously  broadened  ESR  lines  of  Gaussian  shape  com¬ 
posed  of  Lorentzian  spin-packets  with  half-widths  AH9j/2  and 
respectively.  At  low  temperatures  the  spin-spin  relaxation  time  Tt  de¬ 
termines  AHIi/2-  However,  at  high  tentperature  T,  rapidly  decreases  and 
equals  T{  and,  thereby,  determines  the  width  of  the  Lorentzian  spin- 
packets  because  T,*'*  T|"'  =  y*4H'i/2  (y  “  gyromagnetic  ratio)  as  shown 
in  ref. 1 . 
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Computer  simulation  of  this  prosess  was  done  by  multiplication  of  i  Lorentzian 
line  amplitudes  centered  at  Hu  with  a  Gaussian  distribution  centered  at 
Ho  on  a  finite  magnetic  field  scale  i«H|.  For  a  given  half-width 
we  typically  used  H|(i-n)“H|i  “  l/100»AHBi/g  and  i=1000.  Increasing  the 
half-widths  of  the  Lorentzian  lines  wc  kept  constant  the  area  A'  under 
each  Lorentzian  absorption  curve  and  added  up  all  contributions  of  the 
other  lines  to  a  particular  position  H||.  This  simulated  the  transition  from 
a  Gaussian  absorption  curve  ^^2  <<1)  to  a  Lorentzian  one 

(AHIj^2/AHBj^2>  >  The  absorption  derivative  of  the  resulting  line  with 
amplitude  Y',,  and  its  integral  value  A'  were  determined  numerically  to 
check  up  the  influence  of  different  mo.  ulation  amplitudes  and  the  constancy 
of  the  total  intensity  which  represents  the  number  of  spins. 


FIGURE  1:  Simulated  dependence  of  the 
peak-to-peek^  width  Hpp,  the  Integral 


Figure  1  shows  the  depen¬ 
dence  of  A‘,  and  the  peak- 
to-peak  width  Hpp  of  the 
absorption  derivative  on  the 
ratio  R  =  AH't/Z/AHBl/z. 
For  R  <  0.1  A'  changed  only 
within  2X  with  a  tendency  to 
increase  with  larger  R.  The 
drop  of  A'  for  R  >0.1  can 
well  be  explaind  by  cut-off 
effects  which  for  Lorentzian 
lines  can  be  estimated  by: 
A*^  Ao  *  (1-  AH'j/2  /  n«a)j 
with  a  being  half  of  the  finite 
field  width*.  Usually,  the 
increase  of  Hpp  (by  a  factor 
of  2  in  this  example)  is  ex— 


absorption  4'  and  the,  amplitude  of  abs.  I  "  .4 t 

derivative  Y,' on  R‘ AH! lyg/AHa ..g.  Note  to  determine  T,  even 

different  scales.  Estimation  from  ref. 2.  though  Y'j  changes  in  same 

rangeby  one  order  of  magnitude. 
Within  an  experiment  the  decay  of  the  line  amplitudes  will  even  be  sharper 
because  of  the  natural  temperature  dependence  of  the  absorption  derivative 
amplitude  Y'  which  is  assumed  to  be  given  by  the  Curie  law:  Y*  C/1..  (It 
is  noted  that  other  dependencies  may  be  observed  but  it  is  easy  to  extend 
the  results  to  such  cases).  Thus,  to  compare  with  the  simulation  we  have 
Y',s  Y‘»T  and  the  deviation  from  the  Curie  law  in  case  of  line  broadening 
will  be  given  by  C-Y’*T. 


FIGURE  2:  Approxima  tion  of  simu  - 
lated  and  normalized  amplitudes  by 
an  exponential  function.  Numerical 
values  from  ref. 3. 


Numerical  values  for  the  exponen¬ 
tial  decay  of  T,  in  Si:P  were  taken 
from  ref. 3  (see  fig. 2).  They  couple 
the  Lorentzian  line  widths  with  a 
particular  temperature  because 
T,"'=  y*AH'i/2.  By  use  of  fig.l 
the  relation  Y‘*T(T)  is,  therefore, 
fixed  if  we  choose  C=1  and 
AHBi/z(P)  ^2.26.  One  expects 
Y'-C/T  *(i-f(T))  with  f(T)  being 
an  unknown  function  describing 
the  deviation  from  the  Curie  law. 
f(T)  must  be  rather  complicated 
because  the  resonance  lines  are 
neither  Lorentzian  nor  Gaussian. 
However,  we  show  in  fig.  2  that 
the  simulated  ratio  Y'*T/(C-Y'»T) 
can  be  approximated  very  well  by 
B*exp(AE/mkT).  From  comparison 
with  the  input  value  AEsilmeV  we 
find  m»1.31. 
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Several  possible  dependencies  were  controlled  by  simulation  and  they  are 
as  follows:  1)  m  does  not  depend  on  the  modulation  amplitude  if  Hm  < 
0  S  Hpp.  Otherwise  it  decreases  and  needs  to  be  corrected.  2)  The  plot 
of  Fig. 2  is  sensitive  against  a  proper  choice  of  C..  Wrong  Curie  constants 
oroduce  S>shaped  curves^  3)  if  two  parallel  Orbach  relaxation  processes 
are  present  with  different  energies,  IAE,-AEil  rriust  be  larger  than 
SmeV  to  recognize  a  bending  in  the  curve.  Otherwise  a  mean  energy  is 
determined.  4)  in  case  of  signal  superposition  the  plot  is  dominated  by 
the  largest  signal  and  the  highest  energy.  5)  For  AH'j/a  >  2.3  AH9i/2 
the  plot  deviates  from  linearity. 

3.  APPLICATIONS 

ES''  spectra  were  recorded  with  a  Bruker  X-band  spectrometer  between 
2K  and  293K.  The  absolute  temperature  calibration  was  IK.  Different 
samples  were  investigated  and  they  are  listed  in  table  I  together  with  a 
summary  of  the  experimental  results.  Small  samples  were  used  to  avoid 
disturbances  of  the  cavity  by  conducting  samples. 

Figure  la  shows  ESR  spectra  of  the  phosphorus  donor.  With  increasing 
temperature  the  line  widths  change  by  a  factor  of  «2  and  the  decay  of 
the  signal  amplitudes  is  enormous.  The  line  shape  changes  from  Gaussian 
to  Lorentzian  with  higher  detection  temperature  and  the  central  hyperfine 
splitting  A  decreases.  Also,  this  is  exactly  the  temperature  range  where 
one  would  expect  to  find  line  broadening  and  decay  on  basis  of  the  data 
of  fig. 2  were  we  used  values  for  T,  measured  on  P  in  Si*.  Thus,  Orbach 
relaxation  to  the  excited  valley'orbit  states  causes  the  effects.  We  at¬ 
tribute  the  reduction  of  A  to  an  admixture  of  the  E  and/or  T}  states 
(which  have  a  node  at  the  nucleus  site)  into  the  A|  ground  state  by  tran¬ 
sitions  which  do  not  flip  the  spin.  No  resonance  of  electrons  in  the  con¬ 
duction  band  can  be  seen  because  excitation  into  the  conduction  band  is 
still  very  weak  at  this  temperature.  Similar  observations  were  made  on 
the  arsenic  spectra  with  the  exception  that  we  did  not  record  a  reduction 
of  A.  In  fig. 4a  we  shew  the  Arrhenius  plots  of  the  signal  amplitudes. 
Using  msl.31  the  extracted  energies  are  both  by  a  common  factor  of 
1.28  larger  than  literature  values  for  the  Af  to  Tj  splitting  of  PandAsin 


FIGURE;  3a  3b  3c 

ESR  spectra  of  tha  Indicated  systems.  Hyperfine  splitting  Is  caused  by 
the  nuclear  spins  Ip^l/Efi  and  Ifj-lh.  Scaling  factors  and  da  taction 
temperatures  are  indicated.  N.,  Nf,  nitrogen  on  cubic  or  hexagonal  site. 
6H-SlC:two  cub.-and  one  hex. site;  i5R-SiC;three  cub. -and  two  nex.  sites 
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TABLE  h 

Materials  properties  and  summary  of  the  experimental  results: 
g  =  g-vaiue  of  the  dopant;  T,=  spin-lattice  relaxation  time: 

.^lE  =  energy  from  Orbach  process;  expe''ime'ital  error  of  AE  %15X; 

AEiit=  valley-orbit  splitting  from  litercture* •*; 

•  =  energy  value  adjusted  with  m=1.67;  signal  superposition 

A  =  hyperfine  splitting;  Am(T)  =  minimum  detected  at  temperature  T; 

Substancel  Doping  1 
1  [cm-3j  1 

9 

1  Ti(T) 

1  (s(K)] 

1  A  1 
1  [G]  1 

1  ArT.(T)  1  AE  1 
1  [  6(K}}  1  (  meV]  1 

1  AEiit  1 

1  C  meV)  1 

Si:P  10^® 

1.998 

3.2  10-’'(26) 

42.0 

37.7(34)  11.8* 

11.7 

Si:As  10^® 

1.998 

2.2  10-^(26) 

71.0 

21.0" 

21.1 

Si:P,diff.  inhomog.l  .998 

6.0  10-7(34) 

- 

11.3 

- 

PD-Si:P  10^® 

1  996  2.9  10-^(27) 
■niaotr. 

- 

3.4;  12.6 

- 

3C-SiC:N  a  lO'® 

2.005 

3.2  10-7(23) 

- 

4.7 

- 

♦  H-SiC:Nc‘t«  10*’' 

2.004 

4.0  10-^(82) 

18.0 

17.5(109)  45.5 

- 

6H-SiC:Nh  10*^ 

potycryat . 

2.005 

6.7  10-^(19) 

1.1 

1.0(35)  3.6;13.0 

13.0 

6H-SiC:N  ^10*® 
Nc*: 

Nh; 

2.003 

2.005 

1.0  10-®(81) 
1.0  l0-®(44) 

11.5 

1.0 

61.1 

0.7(56)  12.3 

60.3 

62.6 

13.0 

l5R-SiC:N  «»  10*® 
Nc'^; 

Nhl*: 

Nha*: 

2.003 

2.005 

2.005 

1.0  10-®(81) 
1.2  10-®(33) 
0.8  10-®(45) 

10.8-118  -  58.8 

8.1 

<*1.3  -  12x4 

54. e 

50.6 

46  0 

7.7 

11.6 

PO-GaAs:  undop. 
Ga* 

(four  lines) 

Singlet 

tbackgr .} 

*v2.05 

ni2.05 

10-®(12) 

10-®(47) 

- 

3x2 

21x10 

- 

silicon  (11.7  and  2 1 .  ImaVI^.Thls  suggasts  that  tha  algorithm  usad  in  tha 
simulation  undarastimatas  tha  drop  of  Y',  (R)  in  fig.l.  Tha  same  conclusion 
comas  out  from  comparison  of  absolute  T|  values:  from  fig  1  one  extracts 
that  H*i/2  equals  0.5H®i/a  for  0.52*7,'.  From  ‘his  condition  we  de¬ 
termined  T,  from  the  amplitudes  and  listed  them  In  table  I  (3.2  10~'  and 
2.2  10~'  s  for  P  and  As  at  26K,  respectively).  Co.npared  with  T,  measure¬ 
ments  of  ref.  3  (1  10*'  and  6  10~*  s  for  P  and  As  at  26K)  the  agreement 
is  already  satisfactory  but  our  values  are  systematically  larger  suggesting 
again  a  steeper  decay  of  Y',  (R)  in  fig.l.  Thus,  we  fixed  m  to  be  1.57 
from  tha  axparimante  on  As  and  P  in  Si  (table  I)  and  used  this  value 
later  on. 

Nitre  .  -n  in  SiC  polytypes  exhibits  different  valley-orbit  splittings  de¬ 
pending  on  its  local  environment  and  the  polytype'*'.  In  figure  3b  we 
show  X-band  spectra  of  6H-SiC  where  we  .'^ould  resolve  the  hyperfine 
splitting  of  nitrogen  on  the  hexagonal  lattice  site  Nh-  The  two  cubic  sites 
Nq,.  Net  of  this  polytype  can  partly  be  resolved  in  other  orientations  of 
the  crystal  with  respect  to  the  magnetic  field.  Determination  of  the  energy 
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FIGURE:  4m 


4b 


NormmUzmd  ESR  line  mmpUtudms  mnd  thmir  mpproximmtion  by  an  ax~ 
ponmntimi  fit  vmrsus  invmrsm  tamparmtura.  For  rasults  saa  tabla  I. 

related  to  an  Orbach  process  is  shown  in  figures  ia  and  ib.  The  results 
are  listed  in  table  I:  measured  energies  are  in  good  agreement  with  litera¬ 
ture  data  of  valley-orbit  splittings  in  6H-  and  15R-SiC  *  but  different 
values  of  the  cubic  lattice  sites  could  not  be  observed  because  of  the 
signal  superposition-,  the  hyperfine  interaction  of  depends  on  temperature 
as  in  case  of  Si:P  which  is  why  the  signal  degenerates  to  a  singlet  at 
60K  in  fig  3b;  Tfvalues  of  N  on  cubic  and  hexagonal  lattice  sites  are 
very  different.  In  the  ISfirSiG  spectra  of  fig. 3c  the  6  lines  of  N  on  the 
two  hexagonal  lattice  sites  interfere  with  three  lines  of  N  on  cubic  sites 
at  3395  G  which  makes  measurements  of  line  amplitudes  difficult.  However, 
the  N(,  signal  decays  very  similar  to  that  in  6H-SiC  (12.3  meV)  with  the 
exception  of  the  isolated  line  at  3396  6  which  is  nearly  absent  from  the 
spectrum  at  47K  because  bE~  8.1  meV.  Literature  values  for  valley-orbit 
splittings  of  the  hexagonal  lattice  sites  are:  7.7  and  11.6  meV*  and  they 
suggest  that  the  isolated  line  is  part  of  one  Nf,  spectrum.  The  three  spectra 
of  N  on  cubic  lattice  sites  superimpose  and  can  partly  be  resolved  in 
fig. 3c  at  47  K  and  3383  G.  From  table  I  it  can  be  seen  that  AE  is  slightly 
smaller  than  in  6H-SiC  but  the  superposition  causes  deviation  from  the 
established  values.  In  iLyzSiC  hyperfine  splitting  of  cubic  nitrogen  is 
the  largest  of  ail  polytypes  but  AE  is  smallest. 


In  fig. 4b  we  compare  the  results  on  6H-SiC;  .6H-SiC:N(,(  polycrystalline) 
and  3C-SiC:N  (with  higher  doping  the  triplet  structure  of  N  in  cubic  SiC 
vanishes  and  is  replaced  by  a  singlet*  which  we  observed).  For  the  6H-SiC 
polycrystalline  sample  it  can  be  seen  from  fig. 4b  that  it  exhibits  a  very 
shallow  activation  (3.8  meV)  at  low  temperatures  before  the  valley-orbit 
splitting  shows  up.  In  case  of  3C-SiC;N  we  measured  a  comparable  small 
activation  energy  (4.7meV)  throughout  the  temperature  range.  This  makes 
us  doubt  to  attribute  this  energy  to  a  valley-orbit  splitting.  From  experi¬ 
ments  on  Si;P  it  is  known*  that  T]  shortens  in  case  of  compensation. 
Since  a  similar  effect  is  observed  in  the  PD-Si:P  sample  (fig. 4a)  which 
we  know  to  be  compensated'*  it  is  tempting  to  ascribe  such  low  activation 
energies  to  hopping  processes  between  occupied  and  unoccupied  donor 
sites  within  an  impurity  band  but  other  interpretations  are  still  possible. 

The  ground  state  splitting  of  different  donors  in  silicon  is  characteristic* 
and  may  help  to  identify  impurities.  This  is  useful  in  cases  where  no 
hyperfine  splitting  is  observable  by  ESR  for  some  reason.  In  plastically 
deformed  PD-Si:P  a  new  anisotropic  and  dislocation  related  signal  was 
observed'*  showing  no  hyperfine  splitting.  Also.  P  diffusion  in  Si  can  give 
rise  to  anisotropic,  unsplit  line  at  gsi,998  in  spite  of  the  low  P  concentra¬ 
tions  in  the  sample  (<  lO'*cm"*).  In  fig.  4a  and  table  I  we  show  that  the 
valley-orbit  splittings  of  both  defects  are  very  similar  to  that  of  isolated 
P  in  Si  which  suggests  that  phosphorus  is  the  impurity  causing  the  spectra. 


. . . 
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An  application  to  an  acceptor  concerns  fig  5  which  shows  the  Asq,  antisite 
defect  and  a  new  four  tine  spectrum  detectable  in  plastically  deformed 
PO-GaAs*'.  From  the  huge  similarity  of  the  new  spectrum  to  one  in  PO-GaP 
it  was  recently  concluded  that  it  is  due  to  the  Ga^s  antisite  defect'^ 
which  should  be  a  double  acceptor  if  it  is  isolated.  It  can  be  seen  from 
fig. 5  that  the  four  line  structure  around  3000  G  degenerates  to  a  broad 
line  as  the  temperature  increases.  Between  40  and  60K  the  broad  line 
disappears,  too,  and  an  almost  undisturbed  Asq^  antisite  spectrum  is 
detectable.  The  inset  of  fig. 5  shows  that  simulation  of  a  temperature 

dependent  broadening  of  the  four  tines 
(Hpp'-  iSOG)  on  a  background  line  (Hpp-^ 
500G)explains  the  observation.  Broadening 
of  single  lines  is  hardly  observable  because 
of  signal  superposition  but  from  the 
amplitude  drop  of  the  four  lines,  3t2 
meV  could  be  extracted  while  the  back¬ 
ground  line  decays  with  21ti0may  at 
60t20K.  Since  T,  must  be  short  enough 
to  broaden  also  the  background  line, 
which  requires  high  temperatures,  the 
result  suggests  that  the  four  lines  and 
the  background  are  due  to  one  defect 
with  Tt  showing  a  shallow  and  steep 
decay  like  PD-Si;P  in  fig. 4a.  Compensation 
is  apparent  due  to  the  presence  of  the 
Asqs  signal  and  acceptor  excited  states 
are  impurtant.  Table  I  shows  that  T,  is 
very  short  <‘it  12K  which  agrees  with  the 
fact  that  the  spectrum  is  hardly  saturable 
even  at  5K  with  C.5W  of  microwave 
power.  Very  similar  saturation  behaviour 
is  observed  on  the  6ap>spectrum  in  PD-GaP'*  which  stresses  the  identity 
of  the  spectra  and  suggests  that  the  resolution  of  Ga  antisite  related 
defects  in  GaAs  and  QaP  is  limited  by  T,  broadening. 
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FIGURE  5:  ESR  signals  in  plasti~ 
cally  daformed  GaAs:  and 

Ga/v«an(/sffe  defects.  The  insat 
shows  the  simulatad  decay  of  the 
Ga^  lines  due  to  broadening . 
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ABSTRACT 

STM  is  used  to  analyse  volume  defects  of  GaAs.  Very  high  defect 
concentration  areas  are  obseived.  The  defects  are  identified  to  be  mainly 
gallium  muitivacancies.  The  rOle  of  dislocations  in  the  clustering  of  these 
vacancies  is  shown.  The  inhomogeneity  we  identified  in  our  sample  could 
account  for  the  discrepancy  which  is  commonly  observed  between  DLTS 
and  positron  annihilation  in  the  determination  of  vacancy  concentration. 


Scanning  tunneling  microscopy  (STM)  was  developed  by  Binnig,  Rohrer, 
Gerber  and  Weibel  L  In  this  technique,  a  tip  is  scanned  over  a  surface  and 
the  distance  between  tip  and  sample  is  monit.'red  by  piezoelectric  ceramics 
so  as  to  keep  the  tunneling  current  constant.  Atomic  resolution  can  be 
achieved  on  many  samples,  such  as  the  7x7  reconstruction  on  silicon  (111)  2 
or  graphite  2.  The  tunneling  current  is  due  to  the  overlap  of  the  wave 
functions  of  the  tip  and  sample.  If  the  rble  of  the  tip  is  neglected  the 
images  can  be  interpreted  in  terms  of  local  density  of  states  of  the  surface  ^ . 
Our  miaoscope  is  similar  to  the  one  developed  by  Gerber  The  operating 
pressure  in  the  vacuum  chamber  is  below  lO'^^torr.  The  time  between 
cleaving  and  imaging  is  less  than  20mn.  Prior  to  the  experiment,  the  tip  is 
heated  in  situ  by  electron  bombardment.  The  whole  system  allows  us  to 
obtain  atomic  resolution  regularly. 

The  sample  we  deal  with  ir^  this  paper  is  an  as  grown  HB  wafer.  Si  doped  at 
a  concentration  of  10^*cm*3. 

The  cleaved  surface  of  Gallium  arsenide  -  (110)  -  was  first  observed  by  STM 
by  Feenstra  and  Fein  7  According  to  the  polarization  of  the  tunneling 
junction  Vt,  taken  to  be  the  sample  bias  relative  to  the  tip,  electrons  tunnel 
from  the  tip  to  the  sample  (Vt>0)  or  from  the  sample  to  the  tip  (Vt<0). 
Then,  on  semiconducting  samples,  STM  reveals  conduction  or  valence 
states,  according  to  the  applied  bias.  In  gallium  arsenide,  the  local  density  of 
filled  (valence)  states  is  higher  on  arsenic  atoms,  whereas  the  local  density 
of  empty  (conduction)  states  is  higher  on  gallium  atoms.  This  tendency  is 
stronger  on  the  surfaces,  since  electrons  of  the  gallium  dangling  bonds 
transfer  to  the  arsenic  dangling  bonds  This  is  why  it  can  be  said  that 
negative  bias  shows  arsenic  atoms  whereas  positive  bias  shows  gallium 
atoms.  These  two  types  of  measurement  can  be  carried  out  simultaneously 
by  inverting  bias  between  each  scan  9. 


Point  defects  were  resolved  by  Stroscio  et  at  as  well  as  by  Cox  Cox 
observed  arsenic  and  gallium  point  defects,  which  he  attributes  mainly  to 
vacancies. 

We  present  our  results  in  two  steps.  To  begin  with,  a  very  high  defect 
density  area  is  shown,  and  then  a  smaller  area  with  smaller  defects.  The 
analysis  of  these  two  results  allows  us  to  draw  out  conclusions. 

We  observe  very  high  defect  concentration  areas.  Figure  1  is  an  area  of 
33nmx26nm,  talUn  at  negative  bias  and  showing  about  a  hundred  [1-10] 
rows  of  arsenic  atoms.  12  dark  spots,  about  2nm  large,  can  be  seen.  But  we 
are  mostly  concerned  by  areas  extending  in  the  [1-10]  direction,  about  2nm 
wide,  where  the  position  of  the  tip  during  scanning  shows  instabilities. 

These  areas  are  indicated  by  "D".  Now,  the  only  extended  defects  in  crystals 
are  dislocations.  Besides,  the  [1-10]  direction  is  the  intersection  of  the  (110) 
cleavage  plane  with  one  of  the  (111)  or  (11-1)  slip  planes  of  GaAs 
dislocations.  We  conclude  that  these  areas  of  tip  instability  can  only  be 
related  to  dislocations. 

The  reason  why  dislocations  appear  in  the  cleavage-plane  is  that  they  are 
split :  their  stacking  faults  extend  in  the  (111)  or  (11-1)  planes. 

^ause  of  the  dislocations,  one  expects  to  see  steps  or  extra  atomic  rows.  In 
figure  1,  the  black  to  white  scale  corresponds  to  0.2  nm,  which  is  the  height 
of  a  monoatomic  step  on  a  [110]  face  of  GaAs.  The  presence  of  steps  in  the 
area  can  be  ruled  out,  because  they  would  give  rise  to  a  strong  contrast.  Since 
there  are  no  steps.  Burgers  vectors  have  to  belong  to  the  cleavage-plane. 

This  reduces  the  possibilities  to  the  vectors  1/2[1-10]  or  -1/2[1-10].  Thorough 
analysis  by  Fourier  transforms  did  not  reveal  any  extra  [001]  row  or  stacking 
fault  area  required  by  dislocations  with  such  Burgers  vectors.  It  can  be 
inferred  that  dislocations  are  not  present  when  we  examine  the  sample. 
What  we  see  are  not  the  dislocations,  but  the  point  defects  which  clustered 
during  growth  on  the  stacking  fault  planes. 

We  attribute  them  to  gallium  vacancies:  instabilities  of  the  tip  are  very 
probably  due  to  scanning  over  arsenic  atoms,  linked  to  gallium  atoms 
among  which  many  are  missing.  In  fact,  a  zoom  of  another  area  of  the 
sample  helps  to  determine  the  nature  of  these  defects. 

Before  doing  so,  we  can  obtain  a  rough  estimate  of  the  defect  concentration 
in  figure  1.  Since  there  is  about  one  (111)  (or  (1-11))  ex-stacking  fault  plane 
out  of  ten  crystallographic  planes,  and  that  these  stacking  faults  have 
attracted  approximately  one  defect  monolayer  within  3  or  4  interatomic 
distances,  the  average  defect  concentration  in  this  area  is  about  10%,  which 
is  also  2xl02lcm'3.  Such  high  values  are  not  unexpected 
As  we  said,we  need  to  carry  out  the  analysis  of  smaller  defects  to  confirm 
that  we  observe  gallium  vacancies.  Figure  2a  and  2b  are  images  of  another 
area  taken  simultaneously  at  two  different  voltages:  Hgure  2a  shows  arsenic 
atoms  and  figure  2b  shows  gallium  atoms.  Although  they  look  different 
from  the  ones  in  figure  1,  we  shall  see  that  defects  in  figure  2  have  the  same 
origin:  dislocations.  Figure  2c  and  2d  show  aoss-sectional  cuts  displayed  at 
the  same  surface  location.  We  analyse  the  defect  on  the  right  of  2a  and  2b  to 
be  a  gallium  multivacancy. 

In  figure  2b  we  see  atoms  missing  on  the  gallium  rows.  On  the  2c  cross- 
sectional  cuts,  which  are  near  the  defect,  Z(2.2V)  shows  local  maxima  evenly 
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Figure  1:  a  high  defect  omcciitration  area. 

n+  (Si)  HB  sample.  Size:  26ninx33nm.  0.2nm  horn  black  to  white.  Tunneling  bias: 
-1.9V.  As  atoms  are  seen. 

About  12  dark  spots  can  be  seen.  Besides,  areas  extending  in  the  [l-lOl  direction,  about  3 
or  4  atomic  rou«  wide,  indicated  by  "D",  produced  tip  instabilities  during  scanning. 
They  are  due  to  gallium  vacancies  clustered  on  split  dislocations. 
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F%iiic2a:galUummtdlivacandts.  F%n>e  2b  rthesaineaic*  taken 

n+(Si)HBsami^.Size:llninxl7nin.  siinullaneuslyatatunndingbiasof 

Tunneling  bias: -1^.  As  atoms  are  seen.  2.2V.  Ga  atoms  are  seen. 


— Z(-15V)  As  atoms  (pm)  — Z(-15V)  As  atoms  (pm) 

-  ZaaV)  Ga  atoms  "Z(22V)  Ga  atoms 


Figuic2c:AB  Figm2d:CD 

2  c  and  2  d  are  cross'sectionnal  cuts  taken  at  two  pob^ties  between  A  and  B 
or  C  and  D.  P(»itive  polarity  shows  ^lium  atmns,  wlmt^  negative 
polariry  ^ows  arsenic  atoms.  In  2d,  the  missing  bad  maximum  reveals  the 
absence  of  gallium  atoms,  whereas  no  arsenic  atom  is  mis«ng. 
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spaced,  whereas  in  2d,  a  gallium  atom  is  clearly  missing  around  the  position 
2.5nm. 

2a  is  more  difficult  to  analyse,  because  extra  negative  charge  produced  by  the 
defect  induces  band-bending  and  repels  electrons  from  the  valence  band. 
When  the  tip  is  scanned  over  this  area  at  negative  bias,  the  control  loop 
lowers  it  so  as  to  keep  the  current  constant.  This  is  a  purely  electronic  effect. 
In  figure  2a,  local  maxima  can  be  seen  on  the  location  of  each  arsenic  atom. 
The  impression  one  can  get  from  observation  of  the  image  is  confirmed  by 
thorough  examination  of  the  cross-sectional  cuts  Z(-1.5V).  In  figure  2d, 
maxima  on  arsenic  atom  locations  can  be  distinguished,  just  as  in  2c,  which 
is  taken  near  the  defect. 

Figure  2  shows  that  only  gallium  positions  are  concerned  by  the  defect. 

More  difficult  to  rule  out  is  the  possibility  of  arsenic  antisite  clustering  or 
dopant  (Si)  clustering.  We  observe  many  defects  ranging  from  the  one  in 
figure  2  to  the  ones  showing  tip  instabilities  in  figure  1,  so  that  they  can  with 
no  error  be  attributed  to  the  same  origin.  If  they  were  any  kind  of  atom 
clusters,  they  would  not  show  such  tip  instabilities. 

Other  methods  confirm  this  hypothesis.  X-ray  intensity  measurements  have 
shown  that  that  the  regions  surrounding  dislocations  have  a  higher  arsenic 
concentration  ^3.  Positron  annihilation  (PA)  reveals  the  existence  of  high 
vacancy  concentrations,  of  the  order  of  10^8cm*3 xhe  defects  are  attributed 
to  arsenic  vacancies  because  gallium  vacancies,  which  are  acceptors,  should 
trap  free  electrons  and  decrease  conductivity  in  n-type  material.  However, 
conductivity  measurements  are  not  relevant  for  highly  inhomogeneous 
materials. 

The  [1-10]  direction  of  the  defect  is  strong  evidence  that  it  was  created  by  a 
dislocation.  In  larger  images,  we  can  see  that  many  of  the  defects  such  as 
those  in  figure  2,  although  several  nanometers  distant,  are  often  aligned 
together  in  the  [1-10]  direction.  Besides,  clustering  of  gallium  vacancies  is 
unexpected,  since  witl\out  the  presence  of  dislocations,  negatively  charged 
defects  should  repel  each  other.  The  r6le  of  dislocations  in  the  clustering  of 
gallium  vacancies  in  figure  2  is  clear. 

A  discrepancy  between  PA  and  deep  level  transient  spectroscopy  (DLTS)  can 
be  accounted  for  by  the  inhomogeneity  of  the  vacancy  concentration.  The 
DLTS  is  insensitive  to  areas  where  defect  concentration  is  too  high,  whereas 
positron  annihilation  is  not.  If  inhomogeneity  in  vacancy  density  is 
established,  it  is  normal  the  DLTS  should  give  a  lower  apparent  defect 
concentration  (lOl^cm*^)  than  PA  (10l®cm'3).  Actually,  we  confirm  that 
there  exist  areas  of  very  high  vacancy  concentration  in  an  as  grown  HB 
wafer. 

We  have  used  STM  to  study  native  defects  in  an  as  grown  HB  sample. 
Gallium  multivacancies  are  identified,  and  the  rdle  of  split  dislocations  in 
the  production  of  such  defects  is  shown.  Areas  with  concentrations  of 
defects,  mainly  vacancies,  up  to  2xl02lcm'3  are  observed.  Since  no  technique 
can  be  more  local  than  STM,  it  is  normal  that  our  experiments  should  yield 
concentrations  higher  than  what  is  usually  obtained.  So  far,  STM  has  only 
been  used  as  a  surface  analysis  technique.  But  in  any  kind  of  cleavable 
conductive  or  semiconducting  sample,  volume  defects  can  also  be  analysed. 
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The  only  restriction  is  the  high  concentration  required:  above  10^8cm-3.  But 
STM  will  provide  structural  information,  which  is  of  paramount 
importance  in  the  determination  of  defects. 
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ABSTRACT 

Vanadium,  substituting  for  silicon  in  SiC-polytypes,  has  been  identified  as  an  amphoteric 
deep  level  defect.  Electron  Spin  Resonance  (ESR)  is  observed  for  the  neutral  state 
V^*(3d'),  S=  1/2  and  for  the  A“-state  V^*(3d^),  S- 1.  By  photo-ESR,  the  position  of  the 
(0/+)  donor  level  is  found  to  occur  near  midgap  in  6H-SiC.  Near-infrared,  1.3  - 1.5  nm, 
photoluminescence  and  absorption,  arising  from  internal  3d-shell  transitions,  ♦♦  ^E, 
are  observed  for  the  neutral  state  V‘‘^(3d') .  These  sharp-line  spectra  were  found  to  be 
very  specific  for  a  given  SiC-polytype.  Isoelectronic,  electrically  inactive,  titanium 
impurities  have  been  found,  by  ESR,  to  complex  preferentially  with  shallow  nitrogen 
donors.  The  resulting  Tiji-Nc  pair  then  acts  as  deep  donor,  Ec  •  0.6  eV,  in  6H-SiC.  ITie 
isolated  titanium  defect  forms  a  deep  acceptor  state  in  4H-SiC,  but  not  in  the  OH- 
polytype. 


Introduction 

The  understanding  of  deep  level  defects  in  silicon  carbide  (SiC)  is  still  in  its  infancy.  For 
example  very  little  is  known  about  transition  metals  in  SiC,  as  their  location  in  the 
lattice  (substitutional  or  interstitial?),  or  their  presumed  electrical  activity  as  deep  level 
impurities.  This  lack  of  knowledge  is  surprising,  and  challenging,  in  view  of  the  fact  that 
transition  metals,  in  particular  titanium  and  vanadium,  are  practically  unavoidable 
contaminations  in  Lely-grown  SiC-crystals  [1].  Obviously,  identification  and  control  of 
transition  metal  deep  level  impurities  is  prerequisite  for  satisfactory  performance  of 
electronic  and  opto-electronic  devices  fabricated  from  silicon  carbide.  We  point  out  that 
SiC  currently  attracts  renewed  interest  because  of  its  potential  use  in  high-power,  high¬ 
speed,  high-temperature  and  high-radiation  resistant  devices  [2]. 
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1.  Amphoteric  Vanadium 

By  electron  spin  resonance  (ESR)  we  have  recently  detected  [3], [4]  that 
omnipresent  vanadium  contaminations  in  Lely-grown  SiC  crystals  act  as  amphoteric  deep 
level  impurities,  substituting  the  various  silicon  sites  in  the  lattice.  Three  charge  states 
of  vanadium  were  found  to  exist  in  SiC:  V^'^(3d^),  V‘‘*(3d^),  and  V*^(3d°),  their  relative 
occurrence  depending  on  the  position  of  the  Fermi  level.  In  «-type  4H-  and  6H-SiC,  the 
ESR-spectrum  of  the  ionized  acceptor  (A')  charge  state  V^*(3d^),  S= 1  is  dominant.  No 
vanadium-related  ESR  signals  are  detectable  in  p-type  SiC,  indicating  the  occurrence  of 
vanadium  in  its  pentavalent  diamagnetic  charge  state  V^'^(3d®),  which  corresponds  to 
that  of  an  ionized  donor  (D^).  Thus  vanadium  in  SiC  acts  as  an  electrically  amphoteric 
impurity,  introducing  two  levels,  D°/D*  -  and  A~/A°  -  in  the 

bandgap.  The  role  of  vanadium  as  a  minority-carrier  lifetime  killer  in  SiC-based 
optoelectronic  devices  has  been  suggested  from  these  results. 

(3d') ,  S=>/j 


ESR  of  the  neutral  charge  state  V‘‘*(3d*)  -  D°,  A“,  S= 1/2  is  preferentially  observed  in 
strongly  compensated  material.  The  ESR-spectrum  shown  in  Fig.l,  recorded  under  H//c, 
results  from  the  superposition  of  three  hyperfine  octets  of  the  isotope  ^'V  (1=7/2, 
99.8%),  arising  from  ^^(Sd')  on  the  hexagonal  (a  •  hj)  and  the  two  quasicubic  ()3, 7  - 
kj,  kj)  lattice  sites  in  6H-SiC.  In  addition  the  ESR-signal  of  the  neutral  nitrogen  (‘‘’N) 
donor  is  apparent,  showing  that  the  sample  is  weakly  /i-type. 


Fig.l.  ESR  spectrum  of  ]^*(3d^)  in 
strongly  compensated  OH-SiC.  The  three 
hyperfine  octets  arise  from  vanadium 
on  the  hexagonal  (a)  and  the  two  quasi¬ 
cubic  (p,  7)  lattice  sites.  f=9.54  GHz. 


Fig.2.  Angular  dependence  of  the  g  factor 
of  V**(3d^)  on  the  hexagonal  a  site  in 
6H-SiC.  The  solid  line  is  calculated 
according  to  g-g//  cos  d,  with  gi/=1.749. 
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Upon  rotating  the  magnetic  field  H  away  from  the  high  symmetry  orientation  H//c,  the 
p-  and  y-signals  show  a  weak  angular  dependence,  which  will  not  be  discussed  here.  In 
contrast ,  the  hyperfine  octet  a  rapidly  shifts  to  higher  field  under  such  rotation,  as 
illustrated  in  Fig.2.  Under  Hic  ,  the  g-factor  approaches  zero.  Such  behaviour  is 
expected  for  a  ^E-state  in  a  strong  trigonal  (Cjy)  crystalline  electric  field,  as 
characteristic  for  the  a-site  in  6H-SiC.  In  this  case,  the  ^E-ground  state  splits  into  two 
close  lying  Kramers  doublets,  Tj  g  and  r4,  by  the  combined  action  of  the  trigonal  field 
(~A')  and  spin-orbit  coupling  (~A'),  as  illustrated  in  Fig.3.  In  zeroth  order,  both 
Kramers  doublet  states  have  the  same  g-factors,  with  g//=2  and  gj.=0.  A  further 
negative  g-shift  of  gy/ ,  as  observed  experimentally,  can  be  accounted  for  by  higher  order 
perturbations. 


Fig.3.  Crystal  field  and  spin-orbit  splitting 
of  a  3d^  configuration  in  a  trigonalfy 
distorted  tetr^edral  coordination,  as 
appropriate  for  V^*  on  the  a  site  in  6H- 
SiC.  The  energetical  positions  of  the  levels 
indicated  were  determined  by  IR 
spectroscopy. 


Fig.4.  Photo-enhancement  of  the  ESR  of 
V**(3d^)  in  weakly  p-type  6H-SiC  The 
inset  illustrates  the  hole  tranter  between 
the  deep  ionized  vanadium  donor  and  an 
ionized  shallow  aluminum  acceptor. 


The  position  of  the  donor  level  \**/\^*  e  DVD'''  in  the  bandgap  of  6H-SiC  could  be 
determined  by  photo-ESR  experiments,  performed  on  a  weakly  p-type  6H-SiC:M  crystal 
[4],  In  this  sample  all  vanadium  donor  impurities  were  ionized,  (3d°).  Consequently, 
in  the  dark,  only  the  ESR-spectra  of  neutral  aluminum  acceptors  on  the  three  silicon 
lattice  sites  were  detectable.  However,  after  in  situ  illumination  of  the  crystal  with  below 
bandgap  photon  energies,  hi/>1.6eV,  the  ESR-spectrum  of  the  neutral  vanadium  donor, 
V‘'*(3d'),  could  be  observed.  This  ESR-enhancement  is  caused  by  the  photo¬ 
neutralisation  process  V**(3d®)  +  h»/(>1.6eV)  -♦  V^*(3d‘)  +  h*,  or  D*  +  hi/  D°  +  h*. 
The  free  hole  h^  created  in  this  reaction  is  subsequently  trapped  by  ionized  acceptors, 
as  evidenced  by  some  enhancement  of  the  Al-acceptor  ESR  after  such  illumination.  At 
temperatures  above  200  K  the  trapped  hole  is  thermally  released  from  the  aluminum 


i 
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acceptors  and  diffuses  back  to  the  neutral  vanadium  donors,  V^'^(3d’)  +  h*  V^*(3d“). 
The  photo-neutralisation  spectrum  of  the  ionized  vanadium  donor  on  the  quasi-cubic  p 
and  7-sites  in  6H-SiC  is  shown  in  Fig,4.  The  photon  threshold  at  1.6  eV  fixes  the 
energetical  position  of  the  /3-site  and  7-site  donor  levels  at  Ey+l.b  eV.  The 

corresponding  value  for  the  a-site  donor  has  not  been  determined,  because  of  the  rather 
low  Intensity  of  its  ESR-spectrum,  see  Fig.l. 

Infrared  Luminescence  and  Absorption 

We  have  discovered  that  all  SiC  crystals  so  far  investigated  by  us  exhibit  a  characteristic 
infrared  emission  in  the  1.3-i.S  pm  spectral  range  13].  It  is  anticipr ;  d  that  this 
lumin.  scence  very  likely  arises  from  intra-3d-shell  transitions,  of  V‘‘*(3d^). 


Fig.5.  Low-temperature  photo¬ 
luminescence  spectrum  of  vanadium  in 
6H-SiC.  The  zero  phonon  lines  a,  ft  md  7 
arise  from  ^Ti  -*%  transitions  of  J^*(Sd*} 
occupying  the  three  substitutional  silicon 
sites  in  tH-SiC.  Intrinsic  and  vanadium- 
induced  phonon  sidebands  are  observed  at 
lower  photon  ene  rgies.  Nt’te  that  only  two 
zero-phonon  lines,  a  and  ft  are  observai 
for  the  4H-SiC  polytype.  After  ref.  [3], 


A  high-resolution  spectrum  taken  at  2  K  on 
an  M-type  Lely-grown  6H-S\C  crystal  is 
shown  in  Fig.5.  Identical  spectra  were 
observed  for  p-type  or  compensated  6H- 
SiC.  Above  ~40  K  the  sharp  line  features 
in  Fig.5  start  to  broaden  and  merge  into  a 
broad  emission  band  extending  from  1.3  to 
1.5  pm  at  300  K.  In  Fig.5,  three  different 
spectrally  nai  row  .sets  of  zero-phonon  lines 
(ZPLs)  can  be  distinguished  for  6//-SiC. 
We  label  them  a,  p  and  7  and  assign  them 
to  substitutional  vanadium  impurities 
occupying  the  hexagonal  (.'ij  -  a)  and  the 
two  quasi-cubic  (kj,  kj  -  p,  7)  lattice  sites 
in  the  6//-polytype, 

The  above  assignment  is  nicely  confirmed 
by  observing  that  only  two  sets  of  ZPLs  are 
found  in  4H-SiC  (see  Fig.5),  since  in  this 
SiC  polytype,  one  hexagonal  (o)  and  only 
one  quasi-cubic  {p)  substitutional  lattice 
site  exist.  On  the  other  hand,  more  than 
three  sets  of  ZPLs  have  been  observed  in 
15R  polytype  cryst'Js,  where  two  hexagonal 
and  three  quasi-cubic  substitutional  sites 
exist.  In  mixed  polytype  SiC  crystals,  a 
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superposition  of  the  individual  6/f,  4H,  and  15R  spectra  occurs  which  can  be  spectrally 
resolved  already  at  77  K.  This  feature  can  be  exploited  for  quick,  and  spatially  resolved, 
morphology  determination  of  SiC  polytype  crystals. 

Apart  from  the  zero  phonon  lines  a,  /3,  and  -y,  pronounced  phonon  sidebands  are 
apparent  in  the  photoluminescence  spectra  (see  Fig.5).  Part  of  them  can  be  assigned  to 
intrinsic  lattice  phonons  of  6/f*SiC  and  4H-SiC  [5].  In  addition,  some  sharp  phonon 
features,  marked  by  arrows,  are  apparent  which  can  be  assigned  to  local  vibrational 
modes  (LVMs)  of  the  vanadium  impurities.  For  6/7-SiC  they  occur  at  £^-89  meV, 
E^-88.3  meV,  and  E^-88.6  meV.  These  LVM  energies  are  very  close  to  those 
reported  for  the  isoelectronic  Ti^*  impurity  in  6H-SiC,  where  the  corresponding  values 
are  90.1,  89.8,  and  89.7  meV  [6].  We  finally  note  that  the  origin  of  the  broad  lines 
marked  with  an  asterisk  in  Fig.S  is  not  clear  at  present;  they  may  possibly  arise  from  a 
low-lying  vibronic  level  of  (^E),  since  these  lines  are  not  observed  in  the  absorption 
spectrum,  as  seen  below. 


Fig.  6.  FTJR  absorption  spectrum  of 
l^*(3d^)in  6H-SiC.  Wavenumbers  quoted 
refer  to  the  vacuum.  Sample  thickness:  0.5 
mm;  T=6  K.  After  ref  [3]. 


The  FTIR  absorption  spectrum  of  V^^(3d‘) 
in  6H-SiC,  preferentially  observed  in 
compensated  material,  is  shown  in  Fig.6. 
Exactly  the  same  zero  phonon  lines  o,  p, 
and  Y,  which  already  dominated  the 
luminescence  spectra,  are  also  observed  in 
absorption.  The  doublet  at  7417.6  and 
7420.9  cm'*  appears  only  at  an  elevated 
temperature  ("hot"  line)  in  the 
luminescence  spectrum.  Both  in  absorption 
and  emission,  the  a  line  can  split  into  four 
components.  This  is  a  manifestation  of  the 
stronger  axial  crystalline  electric  field 
acting  at  the  hexagonal  substitutional 
lattice  site  in  6//-SiC.  We  thus  conclude 


that  the  four  components  of  the  a  line  in  OH-SiC  ,  and  also  in  4H-SiC,  arise  from 
transitions  between  ^2(^3)  ^E(rg)  quartet  states  which  are  further  split  by  the  axial 
(Cjv)  crystalline  field.  For  6H-SiC  this  splitting  amounts  to  17.8  cm'*  in  the  ^E  ground 
state  and  to  6.0  cm'*  in  the  ^2  excited  state,  as  illustrated  in  Fig.3.  In  line  with  this 
assignment  are  pronounced  polarization  effects  observed  for  the  four  a  lines  in  OH-SiC, 


Dornen  et  al.  [7]  have  very  recently  performed  a  detailed  Zeeman  study  of  the 
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infrared  a  lines  of  V''*(3d‘)  in  6H-SiC;  the  g-factors  of  the  ground  state  Kramers 
doublet,  g//=  1.8+01,  gj^=0  were  found  to  be  in  full  agreement  with  the  ESR-values 
quoted  above.  Furthermore,  from  photo-neutralisation  experiments  [7]  the  position  of 
the  vanadium  donor  level  for  the  quasi-cubic  p,  y  sites  in  6H-S\C  was  located  at 
Ev+1.46  eV,  close  to  our  value  Ey+l.d  eV  inferred  from  photo-ESR  on  the  same 
crystal. 

It  was  found  that  the  characteristic  intra 
3d-shell  luminescence  of  vanadium  in  SiC 
can  also  be  excited  at  below  bandgap 
photon-energies  [8].  This  is  illustrated  in 
Fig.7  for  a  compensated  6H-SiC  sample;  a 
low  energy  threshold  of  -1.5  eV  is 
apparent.  It  presumably  results  from  photo¬ 
ionisation  of  the  neutral  charge  state 
V^'^(3d')  from  its  midgap  level  (see  above) 
and  subsequent  carrier  recapture  into  the 
luminescent  state. 

The  intra  3d-shell  luminescence  of  neutral 
vanadium  is  also  observed  in  n-type  and  p- 
type  material.  In  these  cases,  photo¬ 
neutralisation  of  the  A"(3d^)  and  D^(3d'’)  - 
states  of  vanadium  must  be  enforced  by  the  exciting  light,  before  luminescence  of  the 
neutral  3d*-state  can  occur. 

V’%,(3d*),S=l 

The  electronic  ground  state  of  substitutional  V^*(3d^)  in  SiC  is  the  spin-only  triplet  S=1 
state  ^A2.  Weak  coupling  to  the  lattice  phonons,  resulting  in  long  spin-lattice  relaxation 
times,  is  typical  in  this  case,  and  ESR  can  be  observed  already  at  temperatures  far  above 
4  K.  In  6H-SiC,  three  sets  of  spin  triplet  ESR  spectra  to  be  labeled  again  o,  p,  and  y  are 
observed,  but  in  4H-SiC  only  two  sets  ,  a  and  p,  are  observed.  The  ESR  spectrum  of 
V’*(3d*)  on  the  quasi-cubic  sites  p  and  y  in  an  n-type  6H-SiC  sample,  Nu-N^  « 
2xl0'*cm'®,  is  shown  in  Fig.8.  The  strong  line  in  the  center  at  g= 2.004  arises  from 
nitrogen  donors.  Under  high  resolution  this  line  exhibits  the  characteristic  hyperflne 
splitting,  as  shown  in  the  inset.  Omitting  the  nuclear  hyperfine  interaction  I>X*S,  the 
S=1  ESR  spectra  are  analyzed  by  the  spin  Hamiltonian 


6H-SiC 

compensated 


1.S  2  0  2.S  3.0  3.5 

EXCITATION  ENERGY  {eV] 

Fig.7.  Photoluminescence  excitation 
spectral  dependence  of  the  vanadium 
emission  for  a  compensated  6H’SiC  crystal. 
The  asterisks  correspond  to  various  lines  of 
the  Kr* -laser  at  constant  power.  After  ref 
[8]. 
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«  =  ^  ^  W  +  O  { si  -  |s(S+i) }  . 


where  z  denotes  the  c  axis  of  the  crystal.  The  DSj^  term  is  a  measure  of  the  axial 
crystalline  electric  field  gradient  acting  on  the  ion.  Table  '  summarizes  g  factors  and 

D  parameters  determined  for  6//-SiC 
and  4H-S\C  at  77  K.  The  ESR  linewidths 
were  found  to  vary  from  sample  to 
sample  because  of  different  random 
strains;  these  became  already  apparent 
under  an  infrared  polarization 
microscope.  However,  ESR  lines  as 
narrow  as  -  0.5  G  could  be  observed  for 
the  Ams=2  quasi-forbidden  transitioas, 
which  are  not  sensitive  to  strain,  see 
Fig.9.  Furthermore,  ”Si  ligand  hyperfine 
structure  could  be  resolved  in  this  case 
which  further  corroborates  our 

assumption  that  both  infrared  and  ESR 
spectra  described  above  arise  from  vanadium  substituting  for  silicon  in  SiC.The  position 
of  the  vanadium  acceptor  level  V^^(3d‘)/V^*(3d^)  -  A"/A°  could  sofar  not  be 
determined.  We  presume  it  to  be  located  in  the  upper  third  of  the  bandgap. 


(3d2) 

8// 

gx 

|D| 

(GHz) 

6H-(x 

1.976 

1.961 

10.70 

i  6H-0 

1.961 

1.960 

2.97 

6H-y 

1.963 

1.980 

0.73 

4H-a 

1.962 

1.958 

10.37 

4H-0 

1.963 

1.967 

2.65 

Table  /.  g  factors  and  axial  field  parameters 
D  for  V^*(3d^)  on  hexagonal  (a)  and  quasi- 
cubic  (0,  y)  lattice  sites  in  6H-SiC  and  4H- 
SiC  determined  at  77  K. 
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Fig.8.  ESR  spectrum  of  the  ionized 
acceptor  state  l^*(3d^)  in  n-type  6H-SiC, 
under  H//c  and  at  77  K  The  two 
hyperfine  octets  arising  from  the  hexagonal 
site  a  are  not  shown;  th^  are  centered  at 
0.042  and  0.832  T.  The  strong  line  at 
g= 2.004  arises  from  neutral  donors,  as 

shown  in  the  inset. 


Fig.9.  "Forbidden"  tnt^-2  transitions  of 
l^*(3d^)  on  a  and  0  sites  in  6H-SiC. 
Urder  H//c  only  seven  hyperfine  lines 
are  observed,  resulting  from  the  "flip-flop" 
transitions  Lm^=±2,  Amj=  ^1. 
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2.  Titanium 

The  identification  of  titanium  as  luminescent  center  responsible  for  the  intense  green 
below  bandgap  emission  of  silicon  carbide  (SiC)  crystals  has  an  interesting  and 
controversial  history.  In  the  model  of  Patrick  and  Choyke  [9]  it  is  now  agreed  that 
silicon-substitutional  isoelectronic  neutral  Ti(3d°)  impurities  bind  excitons.  Before 
recombination,  the  electron  is  trapped  in  the  Sd^-orbital,  thus  forming  the  localized  A~- 
state  Ti(3d‘).  In  contrast,  the  holes  wavefunction  is  more  delocalized,  being  bound  to 
the  A'-core  only  by  Coulombic  attraction.  More  detailed  studies  [10]  by  optically 
detected  magnetic  resonance  (ODMR)  have  further  revealed  that  the  luminescent  state 
of  the  green  emission  in  4H-SiC  and  6H-S\C  is  a  spin-triplet,  S=l,  whereas  the  ground 
state  is  diamagnetic,  S=0.  However,  up  to  now,  no  direct  experimental  evidence  was 
given  that  the  presumed  ionized  acceptor  state  of  titanium,  Ti(3d’),  S= 1/2,  really  lies  in 
the  bandgap  of  silicon  carbide. 

Recent  ESR-work  has  revealed  that  the  A'-state  Ti^'^(3d‘)  is  stable  in  4H-SiC, 
3.265  eV,  but  not  in  6H-SiC,  Eg„= 3.023  eV,  and  other  lower  bandgap  SiC-poly types 
[11],  The  deep  acceptor  level  (-/O)  -  Ti^*f3d’)/Ti‘'*(3d‘’)  is  estimated  [11]  to  be 
located  only  a  few  tenths  of  an  eV  below  the  conduction  band  edge  of  4H-SiC.  The  ESR 
spectrum  assigned  to  Ti^*(3d*)  on  the  hexagonal  (a)  and  quasi-cubic  (p)  lattice  site  in 

4H'SiC  is  shown  in  Fig.lO.  The  anisotropic 
g-factor  of  line  a  follows  the  law  g-g//  cos 
with  gf/= 1.706,  similar  to  that  reported 
above  for  V'*’^(3d*)  on  the  hexagonal  a-site 
in  6//-SiC.  In  contrast,  line  p  exhibits  a 
much  weaker  angular  dependence.  The 
presence  of  titanium  in  the  a-center  is 
unambiguously  evidenced  by  the 
characteristic  hyperfine  structure  satellites 
expected  for  the  odd  isotopes  ^’Ti,  7,3%, 
1=5/2  and  ^^i,  5.5%,  1=7/2,  as  shown  in 
Fig.ll.  Surprisingly,  it  is  found  that  the  g//- 
factor  of  Tp*(3d*)  depends  strongly  on  the 
mass  of  the  individual  titanium  isotopes,  as 
illustrated  in  Fig.l2.  Such  effect,  resulting 
from  extremely  strong  electron-phonon  coupling  has,  to  our  knowledge,  not  been 
observed  before. 


Fig.l0.  ESR-spectmm  of  Ti^*(3d^)  on  the 
hexagonal  (a)  and  quasi-cubic  (fi)  lattice 
in  n-type  4H-SiC.  The  triplet  marked 
arises  from  isolated  nitrogen  donors. 


Materials  Science  Forum  vols.  83-87 


1191 


Fig.ll.  and  *^Ti  hyperfine  structure 
satellites  of  the  a  line  in  Fig.lO.  Note  that 
the  g-value  depends  on  isotope  mass. 


Fig.  1 2.  Dependence  of  the  g-value  of 
Tr*(3d')  on  mass  for  the  five  natural 
titanium  isotopes. 


3.  Titanium-Nitrogen  Donor  Pairs 


The  dominant  ESR-signal  observed  in  n-type  SiC  polytypes  arises  from  the  nitrogen 
donors.  Furthermore,  the  ESR-spectra  of  ionized  vanadium  and  titanium  {4H-SiC) 
acceptor  impurities  are  observed,  as  discussed  above.  In  addition,  some  further  ESR- 
lines  appear,  which  can  be  assigned  to  neutral  titanium-nitrogen  donor  complexes, 
Ti^*(3d‘)-Nc;  their  existence  was  first  reported  by  Vainer  et  at.  [12]  for  6H-SiC.  The 
corresponding  ESR-spectrum  of  such  (TiN)°  pairs  in  the  4//-polytype  has  recently  also 

been  observed  [4].  Both  in  6//-SiC  and  4H- 
SiC  the  Ti-N  pair  is  to  be  oriented  along 
the  three  basal  bond  directions,  its 
symmetry  thus  being  lowered  from  Cjy  to 
C,h-  This  can  be  inferred  from  the  angular 
dependence  of  the  anisotropic  ESR-signal 
of  the  Ti-N  pair,  which  is  shown  in  Fig.  13 
for  the  4//-polytype.  In  6H-S\C,  basal  Ti-N 
pairs  are  observed  on  all  three  lattice  sites. 
However,  in  the  4//-polytype,  where  two 
lattice  sites  exist,  only  one  type  of  Ti-N 
pairs  could  be  detected  by  ESR.  The 
characteristic  ^’•*’Ti  and  “N  hyperfine 
splittings  of  the  Ti-N  pair  in  4H-SiC  are  shown  in  Figs.  14  and  15,  respectively.  TTie 
electrical  activity  of  the  neutral  (TiN)"  donor  complex  arises  from  the  excess  3d-electron 


Fig.  13.  Angular  dependences  of  the  (TiN)° 
pair  in  4H-SiC 
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in  the  (3d’)  configuration.  TTiis  is  created  after  the  nitrogen  donor  electron  has 
collapsed  from  its  delocalized  orbit  into  the  localized  3d'-state  of  the  titanium  ligand. 
Photo-ESR  experiments  [4]  performed  on  a  Ti-N  pair  in  6H-SiC  indicate  that  the 
resulting  deep  donor  level  is  located  at  B(.-0.6  eV.  This  value  greatly  exceeds  those  of 
shallow  nitrogen  donors  in  6H-SiC,  which  are  in  the  0.10  •  O.IS  eV  range. 


Fig.  14.  *^Ti  and  *^Ti  hyperfine  satellites  of 
the  (TiN)° pair  in  4H-SiC.  The  two  lines 
marked  by  an  arrow  have  not  been 
identified  so  far. 


Fig.  15.  ^*N  ligand  hyperfine  splitting  of  the 
(TiN)° pair  in  4H-SiC. 
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ABSTRACT 

Plwtoiuminescence  exciuttion  (PLE)  specuosconr  has  been  applied  to  the  chamcterizaiion  of  (^itical 

abso^uon  processes  in  thin  film  samples  of  cubic  (3C*)  SiC  grown  by  chemical  vapor  dqtosition 
(CVD)  on  Si  substrates.  Low  temperature  (6K)  PLE  spectra  have  b^  obtained  using  a  douUe 

grating  monochromator  and  a  xenon  lamp  as  a  tunable  source  of  exciudon.  For  undc^,  n-qm 

films  of  cubic  SiC  of  the  integrated  PL  intensity,  in  the  range  2.4-1.5  eV,  as  a  function  of  the 

wavelength  of  the  exciting  light  are  in  excdlent  agreemem  widi  optical  absorption  ^ectra  reported 
for  bulk  3C-SiC.  The  observed  shape  of  the  absorption  edge  is  characteristic  of  phonon  asHSted 
indirect  transitions,  and  qiectral  features  attributable  to  LA  and  TA  phonons  ate  discernible.  No 
below-gap  extrinsic  absoT]^  features  ate  observed  in  the  PLE  spectra  of  the  undoped  films.  These 
resulu  demonstrate  the  use  of  the  PLE  technique  for  bandedge  absorption  measurements  in  thin 
semiconductor  films  for  which  transmiraion  measurements  may  not  be  practical.  The  intense  N-Al 
donor-acceptor  pair  (DAP)  ML  bands  (2.2-I.5  eV)  observed  in  Al-doped  films  provide  much 

improved  signal-m-noise  ratios  for  the  PLE  spectra  in  these  samples  comptued  10  those  obtained  in 
the  undoped  films.  In  addition  m  the  characteristic  above-gap  indirmhbsotp^et^especanan,  the 
PLE  spectra  for  the  Al-doped  samples  exhibit  below-gap,  extrinsic  id>sot|Nion  features  at  photon 
energies  corresponding  to  the  nitrogen  bound  cxciton  p<^  observed  in  the  PL  spectra.  The 
extrinsic  absorption  process  which  contributes  to  die  excitation  of  the  N-AI  DAP  PL  is  apparently  a 
phoKMieutralization  m  the  compensated  (positivdy  charged)  nitrogen  donors. 


1.  Introduction 

The  successfiii  epitaxial  growth  ( 1-4)  of  thin  filim  of  cubic  SiC  by  chemical  vi^  dqxmiion  (CVD) 
on  Si  substrates  has  revived  interest  in  this  promising  wide  band-gap  semironductor. 

Phondurninestence  (PL)  speotoscopy  has  played  an  irnportam  role  in  ^  characterization  [S-IO]  ttf 
both  undoped  and  alwninum-doped  thin  film  samples  Of  CVD  cubic  SiC  The  low  temperature  PL 
mectra  of  rnost  films  exhibit  a  rich  variety  of  dmtacteristic  spectral  features.  However,  only  a  few 
these  PL  bands  have  been  assodated  with  identified  impurities  or  with  acc^iors  and  donors  of 
known  binding  energy.  Spedfic  observations  include  PL  specuaattribuiableioexciions  bound  to  S4 
meV  neutral  nitrogen  donors  (5-9.1  l],ftce-io-bound  PL  iranntionsinvolvmgalimuniunac^pmrs 
(8, 12-14).  nitrogen-alununum  donor-acceptor  pair  recombination  (N-AI  DAP  bands)  (8.12-lS)  and 
a  deq>  D^  band  wMdi  reveals  an  unidentified  470  meV  acceptor  (10). 

Photoluminescence  excitation  (PLE)  spectroscopy  provides  valuable  information  enneeming  the 
optical  almsrption  processes  which  lead  to  the  excitation  of  recombination  raditf  km.  In  MLE 

spectrestmpy  the  intensity  of  a  selected  PL  bond  is  recorded  as  a  function  of  die  wavdengdi  of  die 
exdiii^U^  Under  some  oonditioos  the  PLE  spectrum  constitutes  an  accurate  ttpresentatioo  of  the 

absori^  spectrum  of  the  sample.  (Ihis  is  an  importam  considention  when  aiudyzing  diin  fibn 
samples  for  which  atmxption  measurements  by  conventiond  optical  nansmi^on  tediniques  are 

proW^iic.)  However,  the  PLE  specttumkicoiporates  an  addition  depee  of  spedfidty  in  diat  it 

movidtt  a  measure  of  die  effectiveness  of  various  absorption  procemes  in  the  elation  of  a 
pm^rti&trPLband.  This  is  partictdarly  useful  when  exBiieic(bdow  band  pp)  absorption  processes 
eiKitediePL. 

Both  of  these  characiCTistks  of  PLE  spectroscopy  are  potinentm  die  investigation  of  CVD  films  of 
cubic  SiC  reported  here.  The  PLE  spectra  obtained  from  undoped  n-qfpe  san^n  provide  the  first 

detailed  reptesoittlion  of  the  indirect  optical  absorption  edp  of  thin  film  CVD  SiC,  udiidi  is  found 
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to  be  in  excellent  agreement  with  the  optical  absorption  spectra  reported  for  bulk  (Lely-grown)  cubic 
SiC.  In  the  case  of  Al-doped  films,  the  PLE  spectra  exhibit  extrinsic  absorption  features  which  are 
attributed  to  the  photoneutralization  of  compensated  donors. 


2.  Experimental 

TTie  thin  film  samples  of  cubic  SiC,  which  were  obtained  ftom  the  Naval  Research  Labwatory, 

NOTth  Carolina  State  University,  and  the  NASA  Lewis  Research  Center,  were  ail  grown  by  CVD 
techniques  [1,2,4]  on  Si  substrates.  Both  undoped  n-type  and  Al-doped  films  have  been  studied.  In 
all  cases  the  films  were  removed  from  their  substrates  to  relieve  the  strain  which  results  from  the 
~20%  lattice  mismatch  between  the  SiC  films  and  the  Si  substrates. 

The  PL  and  PLE  sp^tra  described  here  were  obtained  with  the  samples  contained  in  a  liquid  helium 
cryostat  which  provided  temperatures  ranging  frc»n  2  to  3(X}  K.  Spwtra  were  acquired  in  CW  mode 
with  excitation  provided  by  an  argon  (476.5  nm)  dr  krypton  (476.2  nm)  ion  laser  light  (460  nm) 
from  a  ISOW  xenon  lamp  dispers^  through  a  double  grating  monoclm^ator.  The  excited 
luminescence  was  analyzed  by  a  grating  monochromator  and  detected  by  a  GaAs  photomultiplier 
tube  (PMT)  which  is  sensitive  to  wavelengths  shwter  than  about  900  nm.  Appropriate  glass  filters 
were  used  to  exclude  exciting  light  from  the  analyzing  monochromator. 

The  xenon  lamp-double  grating  monochromator  combination  provided  exciting  light  with  wavelength 
tunable  fiom  about  400  to  1(X)0  nm.  Fot  the  PLE  experiments,  the  luminescence  excited  by  this 
system  was  focused  onto  the  entrance  slit  of  a  0.75  m  focal  length,  single  grating  monochromator. 
PLE  spectra  were  obtained  with  the  detection  monochromator  serving  as  a  band  pass  filter  tuned  to  a 
particular  PL  wavelength,  or  with  a  mirror  replacing  the  grating  in  the  monochromator  so  that  the 
integrated  PL  intensity  was  recorded.  In  the  latter  case,  £e  wavelength  limits  of  the  detected  PL 
band  were  determined  by  a  longpass  optical  filter  placed  at  the  entrance  slit  and  by  the  long 
wavelength  limit  of  the  GaAs  PMT  response  (~9()0  nm).  The  PLE  spectra  were  corrected  for  the 
wavelength  dependence  of  die  exciting  light  intensity. 

The  intensity  of  the  exciting  light  for  the  PLE  spectra  was  about  100  ^W/cm^  at  the  peak  of  the 
spectral  outeut  for  the  lamp-monochromator  system.  PL  spectra  obtained  under  these  excitation 
conditions  first  revealed  the  importance  of  recending  PL  spwtra  over  a  broad  range  excitation 
intensities.  For  example,  nearly  all  PL  spectra  reported  in  the  literature  [5-10, 16]  for  n-type  CVD 
cubic  SiC  are  excited  by  relatively  high  power  light  (>1  W/cm^).  They  are  dominated  by  the 
nitrogen  bound  exciton  (NBE)  spwtrum  (especidly  the  phonon  replicas)  with  its  relatively  short 
donor  bound  exciton  radiative  life  time.  In  addition  to  the  NBE  spectrum,  other  characteristic 
features  of  these  high  power  PL  spectra  include  the  1.972  eV  zero  phonon  line  (ZPL)  and  phonon 
replicas  of  tiie  D1  defect  band  (which  has  been  studied  in  detail  in  ion  implanted  Lely  crys^s  [17] 
and  CVD  films  [7,8]  of  cubic  SiC),  and  a  broad  underlying  PL  band  peaking  near  1.8  eV.  In 
contrast,  the  low  power  PL  spectrum  for  such  undoped  samples,  excited  by  light  from  the  lamp  and 
double  monochromator  system,  exhibit  only  a  weak  vestige  of  the  NBE  spectrum.  These  spectra  are 
dominated  instead  by  a  distant  DAP  band  with  peak  at  about  1.91  eV,  the  so-called  G-band 
[9,10,18]  which  is  attributed  [10]  to  the  pairing  of  the  54  meV  nitrogen  donors  with  an  unidentified 
470  meV  acceptor. 

Similarly,  the  two  PL  spectra  shown  in  Fig.l  contrast  the  high-  and  low-power  excitation  conditions 
for  an  Al^oped  sample  of  cubic  SiC.  The  high  power  spectrum  exhibits  sharp  line  spectra  at  high 
energies  due  to  close  pair  recombination.  The  low  power  spectrum  is  dominated  by  me  long  life  time 
distant  pair  band  peaking  at  about  2.12  eV.  Note  that  the  close  pair  spectra  are  not  observed  at  low 
power  and  that  the  phonon  replicas  below  the  distant  pair  band  exhibit  sharper  spectral  details.  It  is 
important  to  remember  that  the  PLE  spectra  presented  here  are  obtained  under  conditions  which 
produce  the  low  power  PL  spectra  of  Fig.  1.  That  is,  they  are  dominated  by  deep  PL  bands  with 
long  lifetime  recombination  processes. 


I  *ii  . . .  111, 
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Fig.  1.,  Low  temperature  (6K)  photoluminescence  spectra  from  an  Al-doped  SiC  film:  (a)  high 
power  spectrum  excited  by  an  argon  ion  laser  (IW/cm^,  476.5  nm);  X20  spectrum  shows  close 
donor-acceptor  pair  spectra;  (b)  low  power  spectrum  excited  by  xenon  lamp  and  0.22  m 
monochromator  (0.  ImW/cm^,  460  nm). 


Fig.  2.  Photoluminescence  excitation  spectrum 
for  an  un-doped  CVD  3C-SiC  film  deposited 
with  C/Si  source  gas  ration  of  2.4.  The  square 
root  of  the  integrated  photoluninescence 
intensity  (in  the  spectral  range  1.4  -  2.3  eV)  is 
plotted  as  a  function  of  the  photon  energy  of 
the  exciting  light.  The  exciton  energy  gap, 
£gx>  and  the  emitted  phonon  energies  are 
indicated  in  the  figure. 


A 


I 


I 
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3.  Results  and  Discussion 

Figure  2  shows  the  2.35  -  2.50  eV  PLE  s^trum  from  an  undoped,  n-type  film  of  CVD  cubic  SiC, 
obtained  at  5K  under  the  integrated  PL  intensity  conditions  described  above.  The  line  shape  or 
intensity  distribution  of  this  PLE  spectrum  exhibits  a  detailed  similarity  to  the  optical  absorption 
spectrum  reported  by  Choyke  et  al.  [1 1]  for  bulk,  Lely-grown  cubic  SiC.  Note  that  PL  intensity  has 
been  plotted  on  a  square  root  scale  in  order  to  illustrate  the  indirect  character  of  the  absorption  edge. 
Choyke  et  al.  described  the  shape  of  the  edge  as  characteristic  of  indirect  transitions  in  which 
excitons  are  created.  The  onsets  of  optical  absorption  transitions  assisted  by  the  emission  of  TA, 
LA,  TO,  and  LO  phonons  are  indicated  in  Fig.  2.  The  phonon  energies  have  been  determined  from 
the  NBE  PL  spectra  [11]-  It  follows  that  the  exciton  energy  gap,  =  2.390  eV,  is  derived  by 
subtracting  the  TA  phonon  energy  from  the  observed  onset  of  absoiption. 

The  fact  that  the  PLE  spectrum  scales  closely  with  the  absorption  spectrum  of  Choj^ke  at  al.  from  the 
band  edge  up  to  energies  in  excess  of  2.5  eV,  indicates  that  the  PLE  spectrum  provides  a  remarkably 
faithful  representation  of  the  interband  optical  absorption.  Although  the  previously  reported 
absorption  measurements  were  performed  on  crystals  with  a  light  path  of  approximately  2  mm, 
Choyke  et  al.  [11]  noted  that  even  larger  crystals  would  be  preferred  for  more  accurate 
measurements.  Thus  the  sensitivity  of  the  PLE  technique  is  apparent  when  one  considers  the  fact 
that  the  light  path  for  the  thin  film  SiC  samples  is  only  about  10-15  pm. 


EXCITING  PHOTON  ENERGY  (eV) 


Fig.  3.  Photoluminescence  excitation  spectra  for  an  Al-doped  (continuous  line)  and  an  undoped 
(dotted  line)  CVD  3C-SiC  film.  The  square  root  of  the  integrated  photoluminescence  intensity  (in  the 
spectral  range  1.4  -  2.3  eV)  is  plotted  as  a  function  of  the  photon  energy  of  the  exciting  light.  The 
undoped  spectrum  has  been  normalized  to  the  Al-doped  s^ctrum  for  the  best  spectral  coincidence 
between  2.45  and  2.50  eV.  The  insert  shows  the  extrinsic  portion  of  the  Al-doped  PLE  specrum  at 
high  gain. 

In  Fig.  3  the  PLE  spectrum  obtained  from  an  Al-doped  sample  of  cubic  SiC  is  compared  to  that  of 
the  undoped  sample  presented  in  Fig.  2.  The  much  ^eater  integrated  intensity  of  the  N-Al  DAP  PL 
bands  and  phonon  replicas  in  the  Al-doped  sample  is  apparent  in  the  greater  signal  to  noise  ratio  of 
its  PLE  spectrum  relative  to  that  of  the  undoped  sample.  Furthermore,  the  PLE  spectrum  of  the  Al- 
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doped  sample  exhibits  extrinsic  absorption  features  in  the  spectral  range  extending  from  the  onset  of 
interband  absorption  at  about  2.436  eV  down  to  about  2.349  eV. 

The  extrinsic  portion  of  the  Al-doped  PLE  spectrum  is  presented  at  higher  gain  and  resolution,  and 
on  an  expanded  scale  in  the  inset  to  Fig.  3.  It  is  characterized  by  an  onset  at  about  2.349  eV, 
although  this  is  difficult  to  determine  exactly,  peaks  at  2.367  and  2.377  eV,  a  dip  or  trough  with 
minimum  at  about  2.385  eV,  and  a  shoulder  which  rises  to  higher  energy  until  it  intersects  the 
steeply  rising  interband  PLE  at  about  2.436  eV. 

There  are  two  primary  factors  which  enter  into  the  interpretation  of  these  extrinsic  features  in  the  PLE 
spectrum.  First,  they  are  observed  only  in  relatively  heavily  Al-doped  films,  and  second,  the  onset, 
peaks,  and  shoulder  all  occur  in  a  spectral  range  which  corresponds  to  the  binding  energies  and  PL 
bands  associated  with  the  known  donors  in  cubic  SiC.  The  first  factor  indicates  Aat  die  absorption 
processes  which  give  rise  to  these  extrinsic  PLE  features  require  the  presence  of  large  concentrations 
of  compensated  (charged)  donors.  Undoped  films  are  invariably  n-type;  they  exhibit  the  NBE  PL 
spectra  which  reveal  the  presence  of  the  54  meV  donor  identifi^  ^  nitrogen  [8,11,13,14,19],  and 
temperature  dependent  Hall  effect  measurements  which  are  interpret!^  in  terms  of  a  highly 
compensated  15-20  meV  donort  13,20-23].  In  heavily  Al-doped  samples  these  donors  are 
compensated  and  extrinsic  optical  absorption  transitions  can  photoneutralize  the  charged  donors. 
The  electrons  on  the  resulting  neutral  donors  can  then  undergo  DAP  radiative  recombination  with  the 
holes  on  the  neutral  A1  acceptors.  Although  no  optical  (PL)  signature  of  the  shallow  (15-20  meV) 
donor  has  been  identified  to  date,  the  N-Al  DAP  PL  spectrum  is  well  documented  [8,13,14]. 

In  considering  the  second  factor,  the  most  obvious  correlation  is  between  the  2.377  and  2.367  eV 
PLE  peaks  and  the  energies  of  the  ZPL  of  the  NBE  bands  and  the  low  energy  shoulder  on  the  NBE 
band  (believed  to  be  a  deeper  donor  bound  cxciton  [5,8]),  respectively,  of  the  near-band  edge  PL 
spectrum  observed  in  undop^  n-type  films  [5-9],  Note  that  these  energies  are  characteristic  of  the 
NBE  PL  spectra  in  the  strained  CVD  films  grown  on  Si  (and  subsequently  removed  from  their 
substrates)  which  are  slightly  red-shifted  (~1  meV)  relative  to  the  NBE  spectra  reported  for  bulk  Lely 
crystals  of  cubic  SiC.  The  obvious  suggestion  is  that  this  portion  of  the  extrinsic  PLE  involves  the 
excitation  of  the  nitrogen  and  unidentifi^  deeper  donor  bound  excitons.  Far  more  speculative  is  the 
possible  conelation  between  the  approximate  2.349  eV  low  energy  onset  of  the  extrinsic  PLE 
spectrum  and  the  energy  2.349  meV  =  ^gp-  54  meV  (the  nitrogen  donor  binding  energy),  where  the 
low  temperature  band  gap  of  cubic  SiC  is  taken  to  be  2.403  eV.  This  correlation  suggests  the 
hypothesis  that  2.349  eV  is  the  onset  of  extrinsic  absorption  transitions  which  photoneutralize  the  54 
meV  nitrogen  donors.  However,  the  onset,  whose  position  is  highly  uncertain,  could  also  be 
explained  as  a  low  energy  tail  on  the  apparent  donor  bound  exciton  at^iption  band. 

Even  more  interesting  and  speculative  is  the  possiblility  that  the  absorption  shoulder  above  the  2.385 
eV  trough  might  be  associated  with  photoneutralization  of  compensated  15-20  meV  donors.  (The 
trough  is  positioned  about  18  meV  Mow  the  band  gap.)  If  this  hypothesis  were  correct,  it  would 
represent  the  first  opiical  manifestation  of  the  15-20  meV  shallow  donor  which  appears  to  dominate 
the  electrical  properties  of  undoped  CVD  films  of  cubic  SiC.  However,  it  must  be  emphasized 
strongly  that  this  is  simply  a  conjecture  and  there  are  equally  plausible  alternative  interpretations  of 
this  absorption  shouilder. 


4.  Summary 

Photoluminescence  excitation  sp^troscopy  has  been  used  to  investigate  the  above  gap  and  extrinsic 
optical  absorption  processes  which  excite  the  PL  bands  that  characterize  CVD  films  of  cubic  SiC 
^own  on  Si  substrates.  In  undoped  films  the  PLE  spectra  provide  a  faithful  representation  of  the 
indirect  optical  absorption  edge  which  is  consistent  with  the  optical  absorption  spectrum  reported 
previously  for  Lely-grown  bulk  crystals  of  cubic  SiC.  The  undoped  PLE  s^ctra  show  no  evidence 
of  extrinsic  (below  gap)  optical  absorption.  The  PLE  spectra  of  the  N-Al  DAP  bands  which 
dominate  the  PL  spectra  of  Al-doped  films  of  cubic  SiC  exhibit  extrinsic  absorption  which  is 
attributed  to  photoneutralization  of  compensated  shallow  donors.  The  extrinsic  PLE  spectra  of  the 
Al-doped  samples  contain  peaks  which  correspond  to  the  ZPLs  of  the  donor  bound  exciton  PL  bands 
observed  in  the  undoped  films,  as  well  as  onsets  which,  it  is  speculated,  could  correspond  to  the 
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thresholds  for  photoneutralization  of  the  54  meV  N  donor  and  the  unidentified  15*20  meV  donor 
which  are  pervasive  in  CVD  cubic  SiC. 
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ABSTRACT: 

Point  defects  and  impurities  play  a  major  role  in  the  electronic  properties  of 
silicon  carbides.  Electron  Spin  Resonance  was  used  to  investigate  the 
magnetic  propeni.es  of  both  native  and  irradiation  induced  defects.  Our 
experiments  covered  a  wide  variety  of  materials:  glow  discharge  a-Sii.xCx:H 
with  low  carbon  content  (x<15%),  electron  irradiated  S-SiC  single  crystals, 
nanocrystaliine  SiC  fibers  and  SiC  industrial  powders.  We  were  able  to 
identify  the  silicon  vacancy,  the  carbon  vacancy  and  carbon  complexes  with 
sp2  hybridization.  A  common  point  in  at'  the  materials  studied  (except  the 
single  crystal.^  before  irradiation)  is  the  presence  of  sp2  carbon,  even  in  low 
carbon  content  amorphous  SiC.  Oxygen  impurities  play  a  peculiar  role  at  low 
temperatures.  Evidence  is  given  that  the  silicon  dangling  bonds  have  an 
almost  zero  or  negative  effective  Hubbard  energy. 


I  INTRODUCTION: 

Carbon  has  the  ability  to  hybridize  sp2  or  sp3.  When  alloyed  with  siiicon, 
•  because  of  the  mismatch  between  carbon  n  or  a  bonds  and  siiicon  a  bonds,  in 

,  most  cases,  defects  are  created:  antiphase  domains  and  point  defects... Some 

of  them  are  electronically  active.  The  purpose  of  this  paper  is  to  study  by 
electron  spin  resonance  measurements  those  which  are  paramagnetic.  This 
paper  is  organized  as  follows:  the  first  part  briefly  presents  the  materials  which 
support  this  study.  In  a  second  part,  we  focus  on  the  carbon  incorporation  in 
an  amorphous  silicon  rich  compound.  In  the  third  part,  the  paramagnetic 
defects  are  identified  and  the  role  of  oxygen  impurities  discussed. 

1 

PRESENTATION  OF  MATERIALS 

!  The  present  study  of  point  defects  in  disordered  SiC  structure  has  required 

I  several  types  of  materials:  model  systems  to  control  part  of  the  parameters, 

real  systerhs  to  te-'^t  the  results.  The  amorphous  methylated  silicon  is  an 
I  amorphous  silicon  like  system,  prepared  by  glow  discharge  of  silane  and 

I  methane  in  a  sufficiently  low  power  regime  such  that  carbon  is  incorporated  as 

1  methyl  group  in  the  silicon  host^  The  electronic  properties  of  these  materials 

'  have  been  widely  investigated2.  For  our  purpose,  this  system  is  interesting 

'  because  the  carbon  is  perfectly  sp3  hybridized  due  to  its  incorporation  as 

methyl  group.  A  second  model  of  interest  is  p-SiC  in  the  form  of  single  crystals. 
They  have  been  synthesized  by  chemicai  vapor  deposition  (CVD)3.  In  an 
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Rg  1 :  Creation  of  paramagnetic  defects  by  Rg  2;  Density  of  localized  states  versus 

carbon  incorporation  In  methylated  silicon  the  spin  concentration  in  methylated  silicon 

ideal  single  crystal,  carbon  is  also  perfectly  sp^  hybridized  and  there  are  no 
defects.  Electron  irradiations  have  been  used  to  create  defects  in  a  controlled 
way  in  these  crystals.  Two  energies  were  used:  2.5  MeV,  using  the  Van  der 
Graaf  accelerator  of  Laboratoire  des  Solides  Irradids  (LSI),  where  both  silicon 
and  carbon  atoms  were  displaced  by  the  incident  electrons,  100  keV  using  a 
special  low  energy  electron  accelerator  built  in  the  LSI,  where  only  the  carbon 
atoms  were  displaced.  A  great  variety  of  disordered  SiC  materials  were  also 
investigated:  ceramic  p-SiC  powders,  amorphous  SiC  powders  and  SiC  fibers 
elaborated  by  polymer  pyrolysis. 

ESR  X-band  experiments  were  performed  on  a  standard  ER200D  Brucker 
spectrometer  with  a  helium  gas-flow  cryostat.  Great  care  was  taken  to  avoid 
over-modulation  or  saturation,  and  to  insure  the  thermalization  of  the  samples. 
Tne  spin  concentration  is  evaluated  with  reference  to  a  copper  sulfate  single 
crystal,  whic^i  is  also  a  temperature  reference,  in  contact  with  the  sample. 

THE  CARBON  INCORPORATION: 


Let  us  start  with  the  amorphous  hydrogenated  silicon.  It  contains  about  IC^ 
spins/cm^.  These  spins  arise  from  the  silicon  sp^  dangling  bonds  (DB)  with  a 
g  value  of  2.0055  and  a  peak-to-peak  linewidth  of  7  G.  When  incorporating 
carbons  as  methyl  groups,  the  spin  concentration  ({spin})  is  enhanced,  as 
shown  on  figure  1.  Up  to  12%  carbon  content,  the  created  paramagnetic 
defects  are  still  silicon  DB,  without  any  modification  of  the  ESR  spectrum.  This 
increase  varies  as  the  square  of  the  carbon  content  (straight  line  on  the  plot): 
and  suggests  that  the  incorporation  of  two  methyl  groups  on  two  adjacent 
silicon  atoms  is  required  in  order  to  create  a  DB.  Assuming  that  the  carbon  is 

incorporated  randomly,  we  found  that  {spin}*p|-jt  Rc^p^  where  p  is  the 
probability  that  a  pair  of  methyl  radicals  incorporated  within  a  distance  Rc 
generates  one  paramagnetic  defect,  p  is  the  voiumic  carbon  concentration. 
Assuming  that  Rc~2  A,  the  comparison  with  the  experiment  gives  p~1/1000: 
even  if  two  methyl  groups  are  incorporated  within  an  atomic  distance,  only 
one  pair  over  1000  creates  a  paramagnetic  defect:  the  silicon  network  is  thus 
able  to  distort  sufficiently  to  allow  a  "good  "  incorporation.  However,  some 
created  defects  are  not  paramagnetic.  The  density  of  locaiized  states  (DOS) 
near  the  Fermi  level  was  measured  by  space  charge  limited  conduction^.  The 
result  is  plotted  in  figure  2  and  compared  to  the  spin  density  .The  band  on  the 
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Fig  3:  ESR  spectrum  of  2.5  MeV  Fig  4:  ESR  spectrum  of  1 00  keV 

irradiated  ^SiC  single  crystal  irradie  tied  ^SiC  single  crystal 

plot  defines  a  region  were  these  concentrations  are  equal  within  a  factor  2 
(experimental  incertitude).  Up  to  6%  of  carbon,  most  of  the  localized  states  are 
paramagnetic:  they  are  silicon  DB,  the  excited  states  as  well  as  the  charged 
states  of  a  dangling  bond  (O'*-,  D')  are  far  from  the  Fermi  level.  Above  6%  of 
carbon  content,  there  are  much  more  diamagnetic  than  paramagnetic  states: 
since  the  spins  concentration  is  high  anyway,  the  OB  are  close  enough  to 
interact  and  give  a  "weak  bond"  similar  to  those  established  around  di¬ 
vacancies  in  silicon^.  Those  "weak  bonds"  are  diamagnetic  and  more 
extended  than  the  DB,  thus  contributing  to  the  DOS  also  by  their  excited 
states.  Later  on,  we  will  propose  a  structural  model  for  this  defect . 

Above  15%  of  carbon  content,  the  ESR  spectrum  changes:  the  g  factor 
decreases  and  reaches  the  g  value  of  free  electrons,  while  the  linewidth 
decreases  too.  This  is  correlated  to  the  appearance  of  sp^  carbon,  as  can  be 
seen  in  vibrational  spectroscopy^.  Carbon  is  no  more  incorporated  as  methyl 
group,  it  becomes  reactive  and  carbon  DB  or  unsaturated  C=C  bonds  appear, 
that  modify  the  spectrum.  These  kinds  of  carbon  related  bonds  are  also 
observed  in  disorderd  SiC,  it  is  thus  important  to  investigate  the  SiC 
paramagnetic  defects,  beginning  with  the  irradiated  single-crystals. 


THE  PARAMAGNETIC  DEFECTS  OF  SiC 


Before  irradiation,  the  single  crystals  contain  less  than  iQi^  spins/cm^:  no 
ESR  signal  was  detectable,  not  even  at  low  temperature,  contrary  to  other 
works  published^'^.  Figure  3  shows  the  spectrum  after  2.5  MeV  irradiation.  It  is 
isotropic  and  composed  of  a  five  lines  spectrum  and  a  lorentzian  contribution. 
The  five  lines  spectrum  is  attributed  to  a  spin  centered  on  a  silicon  site,  in 
hyperfine  interaction  with  one  or  two  ^^Si  among  the  twelve  silicon  first 
neighbors.  As  in  Itoh's  work^,  we  attribute  this  defect  to  an  odd  charged  state 
of  a  silicon  vacancy  (because  silicon  is  tetravalent),  that  is  to  say  a  carbon  sp^ 
dangling  bond.  Before  discussing  the  second  contribution,  we  present  the 
spectrum  of  the  100  keV  irradiated  single  crystal  on  the  figure  4,  observed  at  4 
K.  This  spectrum  is  also  isotropic  and  does  not  change  with  temperature.  It  is 
composed  of  3  lorenztian  contributions.  The  interpretation  is  easy  since  only 
carbon  atoms  are  displaced  by  the  low  energy  electrons.  The  position  of  the 
weakest  contribution.  g-'2.0048,  is  the  signature  of  a  silicon  DB:  it  is  related  to 
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an  odd  charged  state  of  a  carbon  vacancy.  The  slight  difference  with  the  usual 
g~2.0055  is  either  the  signature  of  a  carbon  rich  environment  of  the  DB^  or  of 
some  kind  of  Jahn-Telier  effect.  The  large  contribution  at  g'>2.0000  is 
characteristic  of  oxygen  related  defects  in  a  siliconated  material.  One  possible 
candidate  is  a  defect  similar  to  the  E'  center  of  the  silica  (a  hole  bound  to  an 
oxygen  vacancy)'io.  The  presence  of  oxygen  impurities  in  this  material  is 
probable  since  the  walls  of  the  CVD  reactor  are  made  of  quartz.  Secondly,  the 
single  crystals  are  deposited  on  silicon  wafers  that  are  known  to  be  often 
oxidized  on  surface:  it  is  then  possible  that  these  oxygen  related  defects  are 
located  at  the  interface  between  SiC  and  the  substrate. 

We  should  emphasize  that  the  remaining  contribution  at  g~2.003  is  the  same 
as  in  the  2.5  MeV  irradiated  crystal,  observed  at  the  same  temperature:  same 
g  (2.0028  and  2.0029)  same  linewidth  (4.3  G),  same  longitudinal  relaxation 
time  (2  10'^  and  3  10*5  s)  as  deduced  from  continuous  wave  saturation  of  a 
homogeneous  line.  So,  it  is  a  carbon  related  defect.  We  believe  that  it  is  a 
carbon  interstitial  or  di-interstitial.  The  carbon  interstitial  has  been  observed  in 
carbon  doped  crystalline  silicon  or  in  diamond^  f'ff  At  room  temperature,  it  is 
less  stable  than  a  di-interstitial.  The  essential  point  for  us  is  the  change  in 
hybridization  of  this  carbon.  As  a  radical,  a  methyl  group  does  not  keep  its  sp^ 
hybridization  and  relaxes  toward  a  sp^  configuration  (it  has  been  undirectiy 
observed  by  Watkins  in  a  carbon  doped  silicon,  where  the  carbon  interstitial  is 
not  located  on  a  tetraedric  site  but  in  a  plane  configurationi3).  Furthermore, 
there  are  topological  reasons  that  2  carbon  Interstitials  link  with  a  C=C  bond 
rather  than  C-C  bonds  because  of  the  size  of  a  tetraedric  site  (0.98  A).  Thus, 
this  defect  is  related  to  an  unsaturated  sp^  carbon  and  is  very  similar  to  the 
defects  observed  in  pyrolitic  carbons'll. 

it  is  worth  noticing  that  the  silicon  DB  are  very  few  in  comparison  with  the 
oxygen  or  sp^  carbon  related  defects.  We  will  return  to  the  stability  of  these 
defects,  further  on. 

In  summary,  we  have  been  able  to  identify,  after  irradiation,  the  silicon  or 
carbon  sp^  dangling  bonds,  a  sp^  carbon  related  defect  and  an  oxygen 
related  one.  Are  these  defects  always  presents  in  disordered  SiC?  The  sp^ 
DB  and  sp^  carbon  defects  are  present  in  every  disordered  SiC  investigated. 
In  crystalline  materials,  the  ESR  spectrum  is  inhomogeneous  with  two  different 
contributions.  As  in  irradiated  single  crystals,  ona  arises  from  the  sp3  DB  while 
the  second  from  sp^  defects.  In  amorphous  materials,  the  two  contributions 
are  intimately  mixed.  This  behavior  is  attributed  to  the  fact  that  the  sp^  carbon 
is  in  diluted  form  in  amorphous  SiCf^'^s,  constituting  a  kind  of  polymeric 
network  where  some  CsC  appears  ponctually.  The  great  exchange  ability  of 
sp2  c  bonds  is  sufficient  to  homogenize  the  entire  spin  system.  In  crystalline 
samples,  sp^  carbon  is  present  as  free  carboni^;  the  2  spin  families  are 
separated  in  space,  giving  two  different  paramagnetic  contributions.  This 
condensation  of  sp^  carbon  occurs  because  of  the  lack  of  a  degree  of  freedom 
of  the  surrounding  network,  it  is  probable  that  the  sp^  carbon  is  mainly  located 
near  the  grain  boundaries. 

It  is  important  to  note  that  the  ESR  line  corresponding  to  the  sp3  DB  (or  the 
whole  spectrum  in  the  case  of  amorphous  materials)  is  always  centered  at 
gs2.003,  very  closed  to  the  g  value  of  the  carbon  DB.  It  means  that  the  carbon 
OB  are  more  stable  than  the  silicon  DB,  as  often  postulated^>f8. 
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Fig  5:  Evolution  of  the  Intensity  of  the  line  (a)  and  of  the  g  factor  (b)  versus  the 
temperature  for  two  crystalline  samples  (1),  (2)  and  two  amorphous  ones  (3)  (4). 
The  bold  lines  fit  this  parameters  with  a  two  bands  model  for  the  samplef . 


The  oxygen  defects  are  also  present  in  those  materials,  either  with  a 
crystalline  or  amorphous  structure.  However,  they  appear  only  at  low 
temperatures,  with  a  modification  of  the  spectrum  (decrease  of  the  g  factor, 
broadening  of  the  line,  saturation  of  the  line  intensity),  as  illustrated  on  figure 
5.  We  were  able  to  describe  these  evolutions  within  a  two  narrow  band  model, 
separated  by  a  gap  of  2  meV.  The  result  is  shown  for  sample  1  of  fig  5  (NBS's 
reference  p-SiC  powder).  The  lowest  band  is  attributed  to  oxygen  related 
defects  (with  a  g  factor  of  2.000)  while  the  second  is  characteristic  of  sp3  DB. 
When  increasing  the  temperature  from  4  K  to  300  K,  the  oxygen  related  spins 
displace  towards  the  DB.  It  is  not  clear  whether  this  effect  is  related  to  silica 
rich  heterogeneities  or  to  a  subtle  spin  dynamic  effect  around  oxygen 
impurities  in  the  bulk  of  the  material. 

Let  us  turn  back  to  the  low  paramagnetic  stability  of  the  silicon  DB,  observed 
whenever  there  is  enough  carbon  in  the  material.  From  an  energetic  point  of 
view,  this  stability  is  usually  described  in  terms  of  an  effective  correlation 


energy:  Ueff  defines  the  exothermicity  of  the  reaction  2  D^-^D*^  +  D'.  When 
Ue(f  >0,  the  dangling  bonds  are  paramagnetic,  when  Ue(f<0,  the  diamagnetic 
charged  states  are  more  stable  than  the  paramagnetic  neutral  DB.  The  fact 
that  all  the  localized  states  are  paramagnetic  in  low  carbon  content 
methylated  silicon  shows  that  the  previous  reaction  is  exothermic  with  Ueff>0 
around  some  tenth  of  .  as  in  amorphous  silicon.  When  increasing  the 

carbon  content,  this  is  no  more  the  case:  it  seems  that  Ueff  decreases, 
eventually  down  to  negative  values.  It  has  already  been  proposed  in 
a-Si:H22.23  or  in  a-Sii.xCx:H24.  We  believe  that  it  is  due  to  the  nearby 
presence  of  carbons,  as  illustrated  on  the  following  figure: 


—  Si - Si - Si  — 


When  interstitial  sp2  carbons  come  into  the  silicon  host,  they  distort  locally  the 
network,  giving  to  the  neighbouring  silicon  dangling  bond  a  polaronic 
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character.  It  modifies  intimately  the  stability  of  the  two  isolated  DB,  leading  to 
the  formation  of  an  “alternative"  bond.  Whether  we  should  consider  this  defect 
as  a  D*  pair  (or  we  could  talk  about  a  negative  Ueff  of  the  DB)  is  not 
certain.  Nevertheless,  we  think  that  a  microscopic  polaronic  model  of  this  kind 
is  at  the  origin  of  the  observed  low  paramagnetic  stability.  Furthermore,  we 
have  evidence  of  polaronic  carriers  in  a  great  variety  of  disordered 
carbonated  materials  (irradiated  polymers,  SiC  fibers.,.). 

CONCLUSION: 

We  have  investigated  the  paramagnetic  defects  in  a  large  variety  of  SiC 
based  materials.  Three  different  kinds  of  defects  have  been  identified:  the  sp^ 
dangling  bonds,  unsaturated  sp^  carbons,  oxygen  related  defects.  These 
defects  are  nearly  always  present  in  the  studied  materials.  Noteworthy  is  the 
constant  presence  of  sp^  carbon,  even  when  the  carbon  content  is  low.  It  is 
present  in  diluted  form  in  the  amorphous  materials  with  polymeric  precursors 
(constituting  a  kind  of  polymeric  network),  while  it  appears  as  free  carbon  in 
crystalline  materials  (constituting  a  composite-like  network).  This  foreign 
hybridization  leads  to  a  local  distortion  of  the  surrounding  network,  which 
generates  silicon  dangling  bonds  with  polaronic  behavior.  It  seems  that  these 
silicon  DB  have  a  very  small  or  even  negative  effective  Hubbard  energy.  This 
relaxation  of  the  network  occurs  as  soon  as  the  network  has  some  degrees  of 
freedom:  only  single  crystals  or  methylated  silicon  avoid  the  appearance  of 
sp2  carbon.  Oxygen  plays  also  a  major  role  in  the  electronic  properties  at  low 
temperature.  A  two  band  model  was  used  to  take  it  into  account. 
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ABSTRACT 

The  paper  presents  the  results  of  a  study  of  the  acceptors  Ga,  AI,  B  and  Sc  in  n- 
and  p-type  SiC  and  spin-dependent  recombination  processes  using  optically  detected 
magnetic  resonance. 

1.  Results 

We  studied  epitaxial  layers  (some  ten  micron  thick)  of  6H  and  4H  polytypes  of  SiC 
both  of  n-  and  p-type  doped  with  Ga,  AI,  B  and  Sc  during  growing,  lliey  were  grown 
by  the  sublimation  sandwich  method  [1]  and  kindly  supplied  by  E.N.Mokhov.  Bulk 
materials  doped  with  di^sion  and  neutron-irradiated  and  annealed  crystals  were 
also  studied.  The  concentration  of  nitrogen  was  10*^  -  5*10*'  cm'*. 

By  monitoring  the  intensity  of  luminescence  which  was  excited  with  band-to-band 
light  from  the  deuterium  arc  lamp  the  ODMR  spectra  of  recombining  donors  and 
acceptors  were  recorded  at  35  GHz  and  1.6  K  in  6H-  and  4H-SiC  doped  with  Ga,  B, 
Sc  and  AI  [2-6].  First  ODMR  measurements  of  SiC:Al  were  reported  in  Ref.7. 

In  gallium  and  aluminium  doped  SiC  strongly  anisotropic  signals  of  shallow 
acceptors  were  found.  The  ODMR  spectra  recorded  in  6H-SiC:Ga  epilayer  grown  on 
the  6H-SiC;Al  substrate  are  shown  in  Fig.  1.  The  ODMR  lines  correspond  to  an 
increase  of  the  luminescence  intensity  and  are  identiGed  as  donor  and  acceptor 
signals.  A  nearly  isotropic  ODMR  signal  with  g  about  2  which  has  a  partly  resolved 
hyperfine  structure  belongs  to  nitrogen.  This  was  proved  by  observation  of  this 
structure  in  6H  and  4H  polytypes  of  SiC. 

The  Ga  signals  have  a  resolved  structure  which  is  due  to  the  hyperGne  interaction 
with  the  gallium  nucleus.  Two  Ga  acceptor  signals  and  three  AI  acceptor  signals 
seem  to  belong  to  three  different  positions  of  the  impurity  in  the  6H-SiC  lattice. 
These  posiGons  can  be  classiGed  as  either  cubic  or  hexagonal  local  symmetry  sites 
when  considering  the  Grst-  and  second-nearest  neighbours.  For  Ga  the  signals  of  two 
positions  are  not  resolved.  The  Al  and  Ga  acceptors  can  be  considered  as 
effective-mass-like  acceptors.  The  angular  dependence  for  one  of  the  acceptor  signals 
in  6H-  SiC:AI  and  6H-SiC:Ga  is  shown  in  Fig.2. 

A  decrease  of  anisotropy  for  the  gallium  acceptors  {g,,  -2.21  and  2.21,  gj^  »  0.6) 
as  compared  to  the  aluminium  acceptors  (g,,  =2.41,  2.40,  and  2.32,  ^  =  0)  may  be 
due  to  a  larger  depth  of  the  Ga  acceptor  levels.  The  observed  hypei^e  structure  of 
Ga  acceptors  gave  the  direct  measure  of  the  unpaired  electron  spin  density  at  the 
gallium  nuclei  and  allowed  to  estimate  the  degree  of  localization  of  the  Ga  and  Al 
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Fig.l  Luminesceoce  aod  ODMR  at  1.6  K  and  35.2  GHz  in  6H- 
SiC:Ga  (epitaxial  layer)  aod  pl-SiCiAl  (substrate)  with 
the  magnetic  6eld  in  the  (1120)  plane  directed  at  18o 
to  the  Q  axis. 


Fig.2  Luminesceoce  qiectnun  of  6H-SiC  doped  with  scandhun 
and  ODMR  q>e<^  receded  at  3S3  GHz  and  1.6  K  witib 
the  magnetic  field  in  (11^)  plane  dimeted  at 
different  angles  to  the  axis. 
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acceptors  at  different  position  in  the  SiC  lattice. 

It  ftdiows  from  die  eiqierunental  values  of  the  Iqrperfine  interaction  constants  dat 
the  density  of  the  vvave  function  of  the  unpaired  electron  at  the  fallium  nuclei  is 
0.56x10”  cm*  and  0.68x10”  cm  *  for  the  low-fi'**  and  hi^-field  accepUv  sfgnab.  A 
comparison  of  these  values  with  the  density  of  jie  wave  fiinctioo  of  the  Iqfbrid  ^ 
orbital  composed  of  the  4s  and  4p  functions  of  free  gallium  atoms  shows  that  the 
iocalizaUon  of  an  unpaired  electron  is  5%  and  6%  for  the  two  Ga  skoals  udiich  can 
be  attributed  to  the  gaUium  acceptors  at  the  hexa^mal  and  cubic  poritions 
reqiectivefy.  Similar  calculations  for  the  aluminium  acceptms  show  that  the 
localizatkm  of  acceptors  is  about  2.5%  and  3%  as  comfuirad  to  the  wave  functkxi 
density  ot  vgli  orbital. 

Since  the  emisrion  from  a  thin  hq^r  near  the  oystal  surfrice  could  be  excited  in  SiC 
with  the  appropriate  light  the  magnetic  resonance  of  the  epibtyer  and  the  substrate 
could  be  selec^iy  studied.  This  is  an  important  advanuge  of  the  optical  detecdon 
technique.  It  is  also  pos^le  to  obtain  information  about  the  qiatial  distrflNidoo  of 
impurities  in  the  samfdes. 

TWo  types  of  luminescence  tyiectra  (yellow  and  red  himinescence  in  6H-SiC)  can  be 
observed  in  boron  doped  silicoo  cariiide.  ODMR  was  recorded  on  both  luminescence 
bands  in  6H  and  4H  pedytypes  of  SiC  The  m'trofen  donor  ODMR  and  a  number  of 
anisotropic  s^nals  aserflied  to  the  acceptors  were  found  on  the  yellow  luminescence 
in  6H-^  and  their  analogue  in  4H-SiC.  An  anisotropic  OIMR  qpectium  seems  to 
belong  to  several  types  of  centres  since  the  relative  intensilies  of  the  signals  vary  with 
the  emission  wavelength.  The  observed  OIMR  tyiectra  do  not  conctyioad  to  any 
known  EPR  plectrum  in  SiC:B  and  are  very  different  from  A1  and  Ga  ODMR 
tyiectra  as  can  be  seen  from  angular  dependence  plotted  in  2. 

On  the  red  luminescence  in  boron  doped  6H'SiC  and  its  analog  in  4H-SiC  the 
nitrogen  donor  ODMR  was  observed  toother  with  some  ODMR  s^ls  overlappiiig 
with  the  hf  structure  triplet  of  nitrogen  (5|. 

A  very  complex  ODMR  spectrum  was  found  in  6H  and  4H  potytypes  of  SiC  doped 
with  scandium  [6].  Luminescence  and  ODMR  spectra  of  a  6H'$iCSc  ^taxial  la^ 
are  shown  in  Fig  3.  The  ODMR  tyiectium  consists  of  nearly  isolro|»c  donor  sqM 
and  a  number  of  anisotropic  lines  which  s^m  to  belong  to  different  darge  states  of 
scandium.  In  the  OI^R  spectra  shown  in  Fig  2  one  can  diShaguiA  different  Sc 
signals  which  are  marked  as  Sc,  and  Sty,.  They  are  shown  for  different  ai^bs  in  the 
(1120)  plane  between  the  C-axis  and  magnetic  field.  The  tyiectral  dqpendendes  of 
donor.  Sc,  and  Sty,  ODMR  oiincide  with  die  emissioo  band.  The  ai^lar  varmtion  of 
the  Sty  s^nab  can  be  fitted  to  $-172  tyiin  Hamiltonian  vridi  g,  -  1.97  and  gj^  - 
2.49.  The  Sc,  sifsal  seems  to  consist  of  several  owerl^ipiiig  lines  Mikh  may  bek^  to 
different  latti^  sites. 

A  group  of  anboiropic  lines  in  the  region  of  g  <  2  b  mailted  as  Sty,.  It  snrais  to  be 
possible  to  descrflie  these  s^nab  by  S-I/2  spin  HamOtonian  for  thr^  different  seb 
dt  parameters.  Meaniremenb  of  ODMR  at  24  and  35  GHz  amfitmed  thb 
conclusion,  g-values  of  these  dirce  linto  are  estimated  tog,  -  1.21,  l.I^  1.17  and  gj^ 
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Fig.3  a)  "Multiquanta"  ODMR  in  6H-SiC:Sc  recorded  at  35.3  GHz 
and  microwave  power  500  mW. ;  b)  a  possible  model  of 
Sc,  energy  levels  in  SiC:Sc  (b). 


Fig.4  Angular  dependences  in  the  (1120)  plane  of  the  acceptor 
ODMR  at  313  GHz  in  6H-SiC  doped  with  boron,  aluminium 
and  gallium  .  The  angle  0  corresponds  to  B//Q. 


Fig.5  Angular  dependences  in  the  (1120)  plane  of  the  acceptor 
ODMR  at  313  GHz  in  6H-SiC  doped  with  scandium.  The 
angle  0  corresponds  to  B//Q. 


Materials  Science  Forum  vols.  63-87 


1211 


=  1.77,  1.63,  1.41  ,  respectively.  Since  the  same  structure  was  observed  in  4H-  SiCrSc 
these  signals  can  not  be  simply  related  to  different  lattice  sites.  The  angular 
dependence  of  ODMR  in  6H*SC:Sc  is  shown  in  Fig  4  where  circles  mark 
experimental  point  and  curves  are  the  result  of  a  fit  with  the  given  parameters. 

In  ODMR  spectra  recorded  on  the  intensity  of  donor-acceptor  emission  resonance 
signals  which  are  usually  ascribed  to  multiquanta  transitions  can  be  observed  [5,6,8]. 
Normally  these  "multiquanta  resonances"  appear  at  magnetic  fields  which  are  exactly 
twice  and  three  times  larger  than  the  "classical  resonance"  field  of  donors  and 
acceptors.  A  different  behaviour  of  the  "multiquanta  resonances"  was  found  in  6H- 
and  4H-SiC  crystals  doped  with  scandium.  In  this  case  the  positions  of  the 
"multiquanta  resonances"  of  donors  were  usual  but  those  of  the  Sc,  acceptors  were 
different  from  the  double  and  triple  field  of  the  "classical"  resonance  when  the 
magnetic  field  Bo  was  not  parallel  to  the  hexagonal  axis  of  the  crystal  (see  Fig.4). 
The  positions  of  the  multiquanta  resonances  of  the  aluminium  acceptors  which  were 
recorded  in  the  same  sample  when  exciting  the  substrate  corresponded  exactly  to  the 
double  and  triple  quanta  transition  for  the  S=l/2  acceptors  and  were  as  shown  in  Fig 
2. 

The  observed  behaviour  of  the  Sc  "multiquanta  resonances"  implies  that  their  energy 
levels  are  not  linear.  This  non-linearity  may  be  connected  with  an  influence  of  other 
closely  lying  energy  levels.  ODMR  spectra  and  a  possible  model  of  the  energy  levels 
are  shown  in  Fig.  5. 

The  angular  dependence  of  ODMR  of  Al  and  Ga  acceptors  is  in  agreement  with 
their  effective-mass-like  character.  The  configuration  of  the  valence  electron  shell  of 
boron  is  similar  to  that  of  aluminium  and  gallium  but  the  ODMR  spectra  which  are 
observed  in  SiC:B  are  considerably  different.  This  difference  seems  to  be  due  to  the 
fact  that  the  structure  of  boron  centres  is  different  fi’om  that  of  Al  and  Ga  acceptors 
which  substitute  silicon  in  the  crystal  lattice.  It  is  probable  that  boron  forms  complex 
centres  including  vacancies. 

A  striking  difference  in  the  behaviour  of  Sc  as  compared  to  Al  and  Ga  seems  to  be 
related  with  a  different  valence  shell  structure  of  scandium  (3d4s^)  as  compared  to 
that  of  aluminium  (3s^3p)  and  gallium  (4s^4p).  Due  to  Sc  d-electrons  quasi  d-states 
of  the  acceptor  in  the  band  gap  may  exist.  These  states  appear  because  of  interaction 
of  d-levels  with  the  valence  band  of  SiC.  We  believe  that  tte  most  probable  model  of 
SCj  might  be  a  neutral  acceptor  A®.  Sc,,  may  be  doubly  charged  acceptor  A' "(Sd).  In 
addition  to  the  Sc,  and  Sc,,  ODMR  a  number  of  lines  can  be  observed  in  SiC;Sc 
which  may  be  due  to  high  spin  states  of  Sc. 

In  6H  and  4H  SiC  subjected  to  fast  neutron  irradiation  and  annealing  a  \/eil  known 
green  luminescence  (D, -spectrum)  is  observed.  The  intensity  of  this  luminescence 
was  found  to  have  a  sharp  minimum,  which  is  independent  on  microwaves,  at  zero 
magnetic  field  and  a  decrease  of  the  emission  intensity  at  EPR  of  nitrogen  [4,5].  The 
spectral  dependence  of  both  the  zero  field  signal  and  the  ODMR  signal  coincided 
with  the  emission  spectrum.  The  signals  in  some  samples  were  as  large  as  10%  of  the 
luminescence  intensity  and  could  be  detected  in  a  wide  range  of  temperature  (1.6  - 
20  K).  The  observed  effects  can  be  explained  by  the  existence  of  a  spin-dependent 
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non-radiative  process  which  is  effective  at  low  magnetic  fields  and  at  EPR  of 
nitrogen. 

Similar  results  were  obtained  in  SiC  with  thermal  defects,  in  ion-implanted  samples 
and  in  SiC  crystals  grown  with  the  excess  of  silicon,  in  which  the  defect  luminescence 
was  observed.  In  some  as-grown  epilayers  new  ODMR  signals  were  obtained.  Two 
isotropic  lines  with  an  unusually  large  splitting  (  27  mT)  which  is  apparently  due  to 
the  hyperfine  interaction  with  the  ®Si  nucleus  (4.7%,  1=1/2)  may  belong  to  centres 
including  Si^  antisite  defects  in  SiC.  According  to  Ref.  9  these  defects  require  the 
lowest  formation  energies  among  other  native  defects  in  SiC. 

2.  Summaiy 

In  conclusion,  ODMR  study  of  hexagonal  polytypes  of  silicon  carbide  doped  with 
Ga,  Al,  B  and  Sc  has  proved  the  donor-  acceptor  nature  of  emission.  Spatial 
selectivity  of  ODMR  allowed  separate  studies  of  epitaxial  layers  and  substrates. 
Nitrogen  was  identified  as  a  donor  in  all  samples.  The  resolved  hyperfine  structure  of 
effective-mass-like  Ga  acceptors  gave  a  direct  measure  of  the  localization  of  the 
acceptor  wavefiinction.  Different  behaviour  of  ODMR  in  B  doped  SiC  is  connected 
with  different  structure  of  B  centres  which  apparently  form  complexes.  Two  charge 
states  of  Sc  were  proposed  to  explain  the  ODMR  data.  Different  anisotropy  of  Sc 
acceptors  as  compared  to  Al  and  Ga  seems  to  be  due  to  d-electron  in  Sc  valence 
shell.  Observation  of  multiquanta  transitions  in  ODMR  has  shown  that  the  energy 
levels  of  Sc  are  not  linear  probably  due  to  the  interaction  with  highly  lying  energy 
levels.  A  spin-dependent  non-radiative  process  in  SiC  was  found  using  ODMR. 
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ABSTRACT 

We  present  an  optical  study  on  the  lines  a  (7642  cm“*),  ^  (7397  cm"*),  and  7  (7205  cm"*)  in 
silicon  carbide  (6H-polytype),  recently  attributed  to  V'*'*’.  The  line  a  is  analyzed  by  Zeeman- 
photoluminescence  spectroscopy  and  the  findings  are  compared  to  results  from  electron-para¬ 
magnetic  resonance  (EPR).  Our  data  give  strong  evidence  that  the  optical  defect  is  identical 
to  the  hexagonally  coordinated  EPR-active  centei  By  absorption  measurements  we  de¬ 
monstrate  that  a  V®'*'  charge  state  is  present  in  p-type  material.  The  energetic  position  of  the 
Y'i+/5+  level  is  found  to  be  1.31  cV  (species  a)  and  1.46  eV  (species  ^  and  7)  above  the  valence 
band.  Additionally,  in  p-type  material,  we  detect  a  new  vanadium-related  defect  (V^'''X). 


Introduction 

Silicon  carbide  is  a  semiconductor  material  of  high  band  gap  with  considerable  technological 
potential  (1).,  Superior  thermal  stability  and  heat  conductivity  determine  this  material  for 
devices  to  be  used  for  high  temperature  and  high  power  applications.  A  peculiarity  of  this 
material  system  is  the  enormous  variety  of  polytypes.  The  6H-species  is  used  commercially  to 
fabricate  blue  light  emitting  diodes  and  FETs  (Ij. 

Transition  metal  ions  are  unavoidable  contaminations  of  silicon  carbide  with  impact  to  tech¬ 
nological  properties  [2].  Recently,  vanadium  V'*'*'  was  investigated  by  a  work  combining  both, 
electron-paramagnetic  resonance  (EPR)  and  optical  spectroscopy  (3).  The  defect  identification 
follows  from  a  characteristic  hyperfine  structure  found  in  the  EPR  spectrum.  Optical  transi¬ 
tions  observed  in  the  same  samples  were  attributed  to  too,  because  of  the  fine  structure 
found  in  the  zero-phonon  transitions  and  because  of  a  characteristic  vibrational  side  band. 
Generally,  polytypism  leads  to  more  complex  spectra,  since  various  inequivalent  lattice  sites 
appear  to  have  different  crystal  fields.  In  this  paper  we  will  focus  on  vanadium  in  6H-polytype 
SiC.  For  this  specific  polytype  three  inequivalent  lattice  sites  are  possible  (this  concerns  silicon 
and  carbon  sites  as  well)  [4  .  While  each  of  these  sites  have  a  tetrahedral  coordination  of  the 
next  neighbors,  different  arrangements  exist  for  the  second-nearest  neighbors.  One  site  shows 
a  hexagonal  symmetry  (site  a)  while  two  other  coordinations  have  different  cubic  symmetry 
(site  /?  and  7). 

For  each  inequivalent  site  a  zero-phonon  line  and  a  corresponding  vibrational  mode  spectrum 
was  assigned  to  V^"*"  .  Especially,  a  fine  structure  in  the  line  a  ,  consisting  of  four  components, 
led  to  identify  the  corresponding  site  to  in-  of  hexagonal  symmetry  [3],  The  EPR  data  motivate 
Zeeman  measurements  on  transition  q,  whu  h  will  be  reported  in  the  first  section. 


Experimental 

Photoluminescence  spectra  were  measured  with  conventional  grating  monochromators,  by  using 
a  Kr'*'  laser  (647  nm  line)  or  an  Ar"*"  laser  (514  nm  line)  for  excitation.  Samples  were  cooled  down 
to  4.2  K  and  1.8  K,  respectively.  We  recorded  spectra  in  a  spectral  region  between  1.0  eV  and  0.7 
eV  using  a  liquid  N2  cooled  germanium  detector.  For  Zeeman-photoluminescence  measurements 
we  used  a  superconducting  split-coil  magnet  in  Voigt  and  Faraday  configuration,  respectively; 
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magnetic  fields  up  to  7.5  Tesla  are  possible.  The  absorption  measurements  were  performed 
with  a  Bomem  DAS.Ol  Fourier- transform  spectrometer,  alternatively  equipped  with  an  InSb  or 
an  InGaAs  detector.  In  several  cases  we  spectroscopically  reduced  the  absorption  light  source 
(halogen  lamp)  by  a  silicon  filter,  blocking  all  light  of  photon  energy  higher  than  1 .2  eV.  For 
photoionization  studies  prior  to  the  absorption  measurements  the  sample  was  illuminated  with 
light  from  a  halogen  lamp  dispersed  by  a  3/4m-Spex  monochromator  of  spectral  resolution  of 
3  nm  (^2  meV,  approximately). 

By  Hall  measurements  we  determined  the  net  dopant  concentration  of  the  samples. 


I.  Zeeman  measurements  (line  a) 


The  line  a  shows  a  four-fold  fine  structure,  which  is  attributed  to  the  symmetry  of  the  lattice 
site  (Csu)  .  From  thermalization  found  in  the  fine  structure,  the  level  scheme  in  Fig.  1  (right) 
can  be  drawn.  Schneider  [2,  5]  explains  the  results  from  EPR  and  from  optical  experiments 
by  a  strong  tetrahedral  crystal-field  splitting  of  the  *D  ground  state  of  the  V'*'*’  ion  (^3d’ )  into 
a  low  energetic  *E  state  and  a  high  energetic  ^Tj  state.  The  ^E  state  couples  via  spin-orbit 
interaction  to  the  spin  Sj/j  and  finally  is  split  by  the  strong  trigonal  field  into  a  r4  and  a  Ps^e 
level.  The  strong  trigonal  field  is  believed  to  split  the  ^T2  into  a  high  energetic  ^Tq  and  a  low 
energetic  ^T±.  The  latter  state  is  split  by  spin-orbit  interaction  into  P^  and  Ps.e-  Additionally, 
the  states  originating  from  the  ^T2  and  *E  level  should  be  subject  to  a  dynamic  Jahn-Teller 
effect.  The  optical  transitions  between  *E(P4,  Ps.e  )  and  *T±(p4,  Ps,6  )  are  identified  with  the 
fine  structure  of  line  a  [2],  as  indicated  in  the  level  scheme  of  Fig.  1  (right). 


'or  angular  dependent  Zeeman  measurements  the  sample  was  rotated  around  the  b  direction 
010],  so  that  the  field  could  be  moved  by  a  turn  of  90°  from  the  c  axis  [001]  to  the  a  axis 
100  .  In  Fig.  1  (left)  the  angular-dependent  Zeeman  splitting  measured  at  a  constant  field  of 
6.9  Tesla  is  depicted  as  a  function  of  the  angle  6,  (5  includes  the  crystal  axis  c  and  the  magnetic 


field  B).  When  the  magnetic  field  is  perpendicular  to  the  c-axis  (6  =  90°)  no  Zeeman  splitting 
occurs  at  all,  indicating  that  all  gj.  components  vanish  within  the  experimental  uncertainty  of 
Ajf  =  ±  0. 1 .  For  any  angle  6  less  than  90°  each  of  the  four  lines  splits  symmetrically  around  the 
center  of  gravity.  For  line  2  and  3  the  center  of  gravi^  is  independent  of  angle  6,  while  for  line 
1  and  4  a  quadratic  shift  is  caused  by  second  order  effects.  We  note  that  no  mixing  of  Zeeman 
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Figure  1:  Left:  Angular-dependent  Zeeman  splitting  of  the  four  fine-structure  components  of 
line  a,  labelled  Angle  6  includes  magnetic  field  B  and  crystal  axis  c.  No  splitting  occurs 
for  6=90^.  Right:  level  scheme  of  Ihe  a  fine  structure  and  g-factors  obtained  from  Zeeman 
pattern. 
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components  occur,  which  would  result  in  a  nonlinear  splitting  being  asymmetric  to  the  center 
of  gravity.  Besides  the  quadratic  shift  the  whole  Zeeman  effect  can  be  explained  by  a  term 
for  each  of  the  four  Kramers  doublets.  Generally,  each  of  the  four  fine-structure  components  of 
the  line  a  is  expected  to  split  into  four  Zeeman  components,  corresponding  to  the  two  allowed 
transitions  ArUj  ■-  0  and  the  two  forbidden  transitions  Arrij  =  ±1.  The  complete  set  of  four 
Zeeman  components  is  resolvable  for  line  3  (Fig.  1),  while  for  line  1,  which  is  rather  weak,  the 
high  energy  component  is  not  observable  because  of  small  intensity  and  thermalization  effects. 
Line  2  and  4  on  the  other  hand  show  a  three-fold  splitting.  Both  allowed  transitions  coincide 
since  the  g\\  values  of  the  two  states  are  identical  or  almost  identical,  respectively.  From  the 
progress  of  the  forbidden  transitions  as  a  function  of  angle  S,  the  s(||  values  can  be  determined 
within  an  experimental  uncertainty  of  Ag  =  ±  0.1.  A  consistent  set  of  5||  values,  as  given  in  the 
level  scheme  of  Fig.  1  can  be  determined  when  the  whole  Zeeman  pattern  is  taken  into  account. 
The  lines  drawn  in  the  Zeeman  pattern  are  cosine  functions,  basing  on  these  g-factors.  For  line 
1  and  4  the  additional  shift  of  the  center  of  gravity  is  added. 

Comparing  the  EPR  data  (fif||  =  1.749,  =  0)  (3]  with  our  results  (pa||  =  1-8,  Pai  =  0),  we 

find  an  excellent  agreement  within  the  experimental  uncertainty  of  A5  =  ±  0.1.  The  optical 
Zeeman  data  confirm  and  consolidate  the  identification  of  the  EPR  center  with  the  optically 
active  defect.  Moreover,  for  the  optically  active  states  a  through  d  of  the  center  a,  we  have 
determined  the  complete  set  of  g-tensors,  see  Fig.  1  (right).  The  strong  axial  character  is 
expressed  by  the  vanishing  gi  value  for  all  of  the  g-tensors.  We  mention  briefly  that  the  theory 
outlined  above  (Ref.  2),  correctly  describes  the  g-factors  of  ground  states  a  and  b  -  and  hence 
fits  to  the  EPR  data  -  but  fails  to  explain  the  g-factors  of  excited  states  c  and  d  (6).  A  complete 
discussion  of  the  data  together  with  a  Zeeman  study  on  the  lines  0  and  7  will  be  subject  to  a 
following  paper. 


t  II.  Position  of  the  donor  level 

^  For  vanadium,  replacing  a  group  IV  host  atom,  the  quasi-neutral  charge  state  is  V'*"''..  In 

I  EPR  measurements  V^''‘(3d')  is  observable  in  compensated  SiC,  while  the  V®'^(3d^)  appears 

in  slightly  n-type  material  (3].,  Further  on,  it  was  suggested  that  vanadium  is  amphoteric.  A 
*  V®'''(3d°)  state  (not  paramagnetic)  was  supposed  for  p-type  SiC  since  no  vanadium  correlated 

center  was  obtained  in  EPR  [3].  In  the  following,  we  show  by  absorption  measurements  that 
V®'*'  or  V'*'*'  can  be  present  in  6H-SiC,  depending  on  the  experimental  conditions. 

Energy  (meV) 

;  900  920  940  960 


Figure  2:  A  series  of  Hhsorption  spectra  successively  measured  of  an  aluminum  doped,  p-lype 
sample  (Na-Nd  =  cmT^)  under  various  conditions;  see  text. 


1216 


ICDS-16 


Figure  2  summarizes  a  series  of  absorption  spectra  successively  taken  from  an  aluminum  doped, 
p-type  sample  (N/|-Nd  =  310’®  cm"®).  The  temperature  was  kept  below  10  K.  For  spectrum 

1  the  sample  was  cooled  down  in  darkness  and  absorption  was  measured  using  a  silicon  filter 
to  block  all  light  with  photon  energy  higher  than  1.2  eV  [7].  None  of  the  lines  a,  /3,  and  7 
shows  up..  For  spectrum  2  the  silicon  filter  was  removed  and  the  complete  spectrum  of  the 
absorption  light  source  (halogen  lamp)  is  used.  The  V'*'  lines  appear  as  they  are  found  in 
n-type  material  (the  primed  lines  being  characteristic  of  p-type  6H-SiC  belong  to  a  different 
center  and  v/ill  be  discussed  in  the  next  section).  The  transitions  still  show  up,  when  the 
silicon  filter  is  inserted  back  again  (spectrum  3),  so  that  the  same  conditions  are  present  as  for 
spectrum  1.  The  absorption  coefficients  of  all  lines  appear  to  be  reduced  compared  to  spectrum 

2  but  stay  constant  as  long  as  the  sample  is  kept  below  200  K.  The  initial  spectrum  1  can  only 
be  reached  by  heating  up  the  sample  to  temperatures  of  approximately  250  K. 

The  photo-induced  absorption  is  due  to  an  optical  charge  transfer  from  vanadium  to  compen- 
satecl  shallow  aluminum  acceptor.  The  photoionization  is  induced  by  the  high  energy  spectral 
components  of  the  absorption  light  and  can  be  explained  as  follows.  When  the  p-type  sample  is 
cooled  down  in  darkness  all  vanadium  ions  are  in  the  V®"*"  charge  state,  completely  compensated 
by  the  aluminum  acceptors.  At  least  an  equal  amount  of  Al"  is  present.  Filtering  the  light  by 
a  silicon  filter  removes  all  spectral  components  of  the  light  that  could  ionize  the  V®"*"  to  V*'*', 
Since  V®'*'  is  optically  inactive  and  no  V'*’’’  is  present,  the  lines  or,  0,  and  7  are  not  observable 
(spectrum  1).  When  the  sample  is  exposed  to  light  of  sufficient  high  photon  energy  (conditions 
for  spectrum  2)  a  hole  is  ionized  from  V®'*'  into  the  valence  band..  The  remaining  V'*'*'  is  indi¬ 
cated  by  the  characteristic  absorption  lines.  The  observed  persistent  conversion  of  the  charge 
state  (spectrum  3)  shows  that  the  photo-generated  hole  is  trapped  by  another  impurity..  Most 
probably  this  impurity  is  the  compensated  aluminum  acceptor  (Al").  The  Al"  traps  a  hole  by 
about  300  meV  (8).  To  restore  the  initial  state,  as  shown  in  spectrum  1,  the  temperature  has 
to  be  sufficiently  high  to  overcome  this  barrier.  To  summarize  these  results:  the  optical  activa¬ 
tion  moves  the  hole,  which  compensates  vanadium  to  ¥*■•■,  back  to  the  compensated  aluminum 
acceptor  (Al“)  and  leaves  vanadium  in  the  optically  active  V'*'*’  charge  state.  We  note  that  in 
n-type  material  the  V'*'*’  lines  are  already  present  by  conditions  similar  to  those  for  spectrum  1.. 

When  luminescence  is  measured  in  p-type  material,  the  optical  active  V^"''  charge  state  is 
induced  by  the  laser  excitation.  Hence  in  luminescence  the  V^'*'  transitions  show  up  in  n-  and 
p-type  material. 


Figure  3:  Spectral  response  of  the  optical  charge  conversion.  Absorption  of  line  a,/?,  and  7 
is  plotted  via  energy  E  of  the  light  used  for  photoionization,  see  text.  The  absorption  of  each 
line  is  normalized  to  the  value  found  for  E  =  2eV  (detection  limit  of  normalized  absorption  is 
about  0.001),  photon  flux  density;  5-10^*  ll(cm^s)  for  10  min. 
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The  peculiar  behavior  of  vanadium  as  discussed  above  allows  to  determine  the  position  of  the 
V‘+/5+  donor  level  by  absorption  measurements  carried  out  in  the  following  manner.  The 
sample  is  cooled  down  to  T  =  6  K  in  darkness  and  then  illuminated  with  light  of  a  definite 
wavelength  for  a  given  period  of  time.  After  the  illumination  step  we  measure  the  absorption 
by  using  a  silicon  filter,  to  assure  that  no  photoionization  takes  place  during  the  measurement. 
Finally,  the  sample  is  heated  up  to  about  250  K  so  that  the  original  state  is  prepared  again. 
The  whole  procedure  is  repeated  for  various  wavelengths  so  that  the  ionization  process  can 
be  resolved  spectroscopically  for  each  of  the  three  species  a,  and  7.  Then  the  absorption 
coefficients  of  each  line  are  normalized  to  the  value  obtained  at  an  excitation  energy  of  E  = 
2eV. 

In  Fig.  3  the  photo-ionization  curves  obtained  from  the  normalized  absorption  of  the  lines 
a,  3,  and  7  are  plotted  via  the  photon  energy  of  the  exciting  light.  The  detection  limit  of 
normalized  absorption  is  about  0.001,  so  that  the  lines  can  be  followed  over  a  r^iige  of  three 
orders  of  magnitude.  By  comparing  the  photo-ionization  curves  of  transition  a,  and  7 
distinct  differences  show  up.  For  deep  donor  level  we  find  a  trend,  which  is  similar  to 

shallow  nitrogen  donor  and  shallow  aluminum  acceptor  [8]:  the  hexagonally  coordinated  center 
a  shows  an  ionization  energy  (£„  =  1.31  d:  0.02  eV)  significantly  smaller  than  the  ionization 
energy  found  for  the  cubic-like  centers  0  and  7  (E/3,7  =  1-46  ±  0.02  eV). 


III.  The  V'^+X  center  in  p*type  6H-SiC 

Photoluminescence  and  absorption  spectra  in  the  energetic  region  between  1.2  eV  and  0.7  eV 
were  recorded  for  several  n  and  p-type  samples.  In  Fig.  4  (lower  spectrum)  the  characteristic 
V‘'+  lines  are  depicted  as  they  appear  in  n-type  6H-SiC,  consisting  of  the  lines  a,/3,  and  7  and 
the  corresponding  local  vibrational  modes  LMa,  LM/3,  and  LM7,  indicated  by  arrows. 

As  shown  in  the  previous  section  in  p-type  material,  the  V®+  charge  state  is  the  thermody¬ 
namically  stable  configuration..  But  by  excitation  with  light  of  hi/  >  1.5  eV  V'*'*'  is  generated 
and  the  three  characteristic  zero  phonon  lines  (a,  0,  and  7)  show  up  in  photoluminescence. 
Moreover  for  several  p-type  samples  an  additional  series  of  transitions  is  observed.  In  Fig.  4 
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Figure  4:  Luminescence  of  a  n-type  sample  (lower  spectrum)  compared  to  a  p-type  sample 
(upper  spectrum),  fn  p-type  material  together  with  the  characteristic  line  spectrum  a,  3,  and 
7,  another  set  of  lines  labelled  o’,  /?’,  and  7’  shows  up. 
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(upper  spectrum)  a  typical  spectrum  of  a  p-type  sample  is  shown.  Obviously  the  new  lines 
originate  from  a  defect  (V^'''X),  which  is  closely  related  to  the  V*"*"  center.  To  each  line  of  the 
V^"*"  spectrum  a  corresponding  line  of  V^'''X  can  be  identifi(d.  In  accordance  the  additional 
series  is  labelled  a'  (7815.4  cm"’),  /?'  (7466.4  cm"’)  and  7'  (7235.5  cm"’).  The  fine  structure 
in  transition  a'  is  of  the  same  type  as  in  a.  We  find  17.2  cm"’  (17.6  cm"’)  for  the  ground 
state  splitting  and  6.1  cm"’  (5.6  cm"’)  for  the  spacings  in  the  excited  states  of  the  V‘’'''X  (V'’+) 
center.  Also  the  energies  found  for  the  vibrational  modes  are  identical  to  those  of  the  V‘’+ 
defect:  we  find  for  V’+X  (V'’"''),  a:  84.9  meV  and  88.6  meV  (84.9  meV  and  88.6  meV)  /?:  88.4 
meV  (88.4  meV)  and  7:  88.4  meV  (88.4  meV). 

Since  the  spectral  properties  are  very  similar  between  both  line  systems,  presumably  the  V‘’'’'X 
is  basically  but  slightly  modified  by  another  impurity  in  its  vicinity.  Further  work  is  needed 
to  identify  the  microscopic  structure  of  this  center. 


IV.  Summary 

By  Zeeman  spectroscopy  we  find  strong  evidence  that  the  optical  center  o  is  identical  to  the 
hexagonally  coordinated  V'*'*',  recently  identified  in  EPR.  We  determine  the  g-tensors  for  both, 
the  excited  states  and  the  ground  states.  The  g-tensors  are  highly  axial,  since  the  hexagonal 
crystal  field  completely  quenches  the  gx  part.  By  low  temperature  absorption  measurements, 
we  find  the  charge  state  to  be  present  in  p-type  6H-SiC.  But  a  persistent  optical  charge 
conversion  from  V®"’’  to  V'’"’'  can  be  induced  optically,  when  the  sample  temperature  does 
not  exceed  200  K.  Mo.st  presumably,  compensated  aluminum  Al"  traps  the  photo-generated 
hole.  We  obtain  the  position  of  the  donor  level  by  spectroscopically  resolving  the 

photoionization.  Significantly  different  ionization  energies  show  up  for  the  hexagonal-like  site 
(a)  on  one  hand  and  for  the  cubic-like  site  {(}  and  7)  on  the  other  hand.  In  p-type  SiC  we  find 
a  new  vanadium  related  defect  (V‘‘'’'X),  which  appears  to  be  closely  related  to  V'*'*'  concerning 
electronic  and  vibronic  properties. 
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ABSTRACT 

Reactions  involving  implanted  impurities,  radiation  defects  and  background  impurities  in 
ion-implanted  natural  diamonds  are  discussed  with  the  emphasis  on  high  local  density  of 
defects  produced  by  displacement  cascades.  The  results  are  directly  related  to  problems  of 
implantation  doping  and  hydrogenation  of  diamond. 

1.  Introduction 

Diamond  is  sometinies  considered  as  one  of  two  or  three  major  materials  at  the  frontiers  of 
material  research  [1]  and  even  as  the  material  for  electronics  of  XXI  century.  As  such  it 
would  undoubtedly  be  used  in  the  form  of  synthetic  crystals  or  films.  At  present,  however, 
natural  diamonds  remain  important  both  for  applications  (heat  sinks,  semiconducting  de¬ 
vices,  particle  detectors)  and  for  studies  of  those  properties  which  are  common  to  all  forms 
of  diamond  and  determined  by  its  structure  and  bonding.  An  essential  feature  of  natural 
diamond  is  high  concentration  of  background  impurities  of  which  the  most  important  is  ni¬ 
trogen.  Nitrogen,  either  as  isolated  substitutional  impurity  or  in  various  aggregate  forms  can 
produce  a  variety  of  point  defects;  combinations  of  nitrogen  atoms,  lattice  defects  and  other 
impurities. 

Doping  (essential  for  device  applications)  is  still  a  serious  problem  for  diamond  in  spite  of 
definite  success  in  the  growth  of  doped  CVD  films,  so  ion  implantation  remains  to  be  an 
important  alternative.  As  for  any  technological  process  the  final  properties  of  ion-implanted 
‘.olid  state  structures  are  the  outcome  of  a  succession  of  reactions  on  the  surface,  interfaces 
and  in  the  crystal  volume  between  defects  and  impurities,  both  background  and  introduced 
by  a  given  operation.  The  major  factor  determining  the  type  and  parameters  of  impurity-de¬ 
fect  reactions  in  ion-implanted  solids  is  high  local  (within  disordered  regions)  and  high 
average  (at  higher  doses)  density  of  radiation  defects. 

The  present  paper  deals  with  luminescent  control  of  reactions  involving  implanted  impuri¬ 
ties,  radiation  defects  and  background  impurities  in  ion-implanted  and  annealed  natural 
diamond.  It  is  based  on  our  recent  results  and,  in  retrospect,  on  some  of  our  previous  data. 
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2.  Experimental 

Luminescent  control  of  defects  and  impurities  in  solids  is  based  upon  the  accumulated  data 
on  the  nature  and  properties  of  appropriate  centres.  Within  the  last  decade  the  importance 
of  transition  elements  as  luminescence  centres  in  diamond  was  recognized  first  for  Ni  [2,3] 
and  recently  for  Ti  and  Nb  [4] .  The  strongly  degenerate  levels  of  these  elements  are  char¬ 
acteristically  split  according  to  the  symmetry  of  a  given  site.  High  sensitivity  of  lumines¬ 
cence  spectra  of  transition  eiements  "probes”  to  various  crystal  fields  makes  them  a  useful 
tool  in  studies  of  lattice  disorder,  impurity-defect  interaction  etc.  [5] .  In  our  experiments 
samples  of  natural  diamonds  with  nitrogen  content  less  than  10>®  cm*®  (type  Ila)  and  more 
than  10‘9  cm*®  (type  la)  were  implanted  at  room  temperature  by  various  ions  with  energies 
up  to  350  keV  and  isochronally  (1  h)  anneaied  up  to  1650°C  in  a  vacuum  of  10**  Torn 
Cathodoluminescence  (2-10  keV,  5  iiA)  was  studied  in  the  range  0.4- 1.1  iim  at  80  K. 


3.  Results  and  discussion 
3.1  Disordered  regions 

Considerable  fraction  of  defects  created  by  ion  implantation  is  concentrated  within  disorder 
regions  produced  by  displacement  cascades  [6] .,  Due  to  the  dynamics  of  the  cascade  forma¬ 
tion  the  inner  part  of  a  disordered  region  is  vacancy-rich  while  a  large  fraction  of  inter¬ 
stitials  is  created  predominantly  at  the  periphery  of  the  aascade  and  owing  to  their  high 
mobility  quickly  migrate  into  the  surrounding  lattice  [7].  Our  luminescence  data  [8]  con¬ 
firmed  the  high  local  density  of  intrinsic  defects  in  disordered  regions  and  the  increase  of 
the  size  of  their  nuclei  with  the  increase  of  ion  mass. 

The  trend  towards  the  increase  of  the  role  of  nuclei  of  disordered  regions  is  evident  in  our 
data  on  Ni  implantation.  Nickel  is  known  to  produce  luminescent  centres  emitting  at  884  nm 
[2,3].  This  doublet  line  (Figure  la)  is  rather  sensitive  to  perturbations  created  by 
background  (mostly  nitrogen)  impurities  and  defects,  so  the  implanted  Ni  ions  can  be  used 
as  "probes”  to  study  their  own  disordered  regions.  As  can  be  seen  in  Figure  lb  the  widths 
of  the  Ni  doublet  components  decrease  considerably  in  the  temperature  range  1300-1600°C. 
These  temperatures  are  considerably  higher  than  those  characteristic  of  interstitial  atoms 
(400-600°C),  isolated  vacancies  (800-900°C)  and  the  known  multi,  acancy  complexes 
(100-1200°C)  [9].  It  means  that  the  broadening  of  Ni  lines  in  the  range  I300-I650°C 
should  be  understood  not  in  terms  of  point  defects  but  rather  [n  terms  of  gross  lattice  disor¬ 
der  which  survives  the  annealing  temperatures  close  to  the  limit  of  stability  of  diamond. 
This  disorder  is  of  essentially  local  character  and  related  to  disorder  regions  at  the  end  of 
ion  tracks.  This  is  borne  out  by  the  following  data.  If  the  sample  implanted  by  Ni  and  an¬ 
nealed  at  1650°C  is  again  implanted  by,  for  example,  Ti,  then  the  lines  of  Ni  doublet  are 
slightly  broadened  by  defects  produced  by  Ti  implantation.  This  broadening  disappears 
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Figure  1.  Spectrum  (a)  and  line  width  F  versus  annealing  temperature  dependence  (b) 
of  Ni  related  luminescence. 


after  annealing  at  800°C  and  the  line  width  does  not  change  in  the  course  of  further  an¬ 
nealing  up  to  1650°C.  It  means  that  Ni  centres  ’feel’  only  the  mobile  component  (inter¬ 
stitials  and  vacancies  )  of  the  radiation  damage  produced  by  Ti  implantation  and  not  the 
disordered  regions  surrounding  the  Ti  atoms. 


These  results  are  directly  related  to  the  problems  of  ion  implantation  doping  of  diamond. 
Really  it  is  hard  to  expect  that  relatively  heavy  implanted  atoms,  such  as  As  or  Sb,  which, 
similarly  to  Ni,  reside  (even  after  annealing)  within  disordered  regions,  would  display  do¬ 
nor  properties  which  are  expected  of  them  if  they  are  in  the  substitutional  position.  This 
pessimistic  view  is  supported  by  the  data  of  Kalish  et  al.  [10]  who  found  that  implanted  In 
atoms  are  surrounded  by  strongly  damaged  regions  up  to  annealing  temperature  1800°C. 
Clearly,  to  realize  the  electrical  activity  of  heavy  implanted  dopants  one  has  to  employ  high 
annealing  temperature  (>2000°C)  with  the  use  of  high  stabilizing  pressure  which  makes  this 
version  of  implantation  technology  rather  complicated. 


3.2  Nitrogen  association  and  dissociation  reactions 

Nitrogen  as  dominant  background  impurity  in  natural  diamonds  is  known  to  exist  in  various 
forms  ranging  from  single  substitutional  atoms  to  macroscopic  "platelets”  [14].  The  ratio  of 
concentration  of  various  forms  determines  optical  properties  of  diamond  crystals  and  forms 
a  basis  of  their  classification.  The  change  of  the  form  of  nitrogen  in  diamond  was  observed 
as  reactions  of  either  association  of  single  nitrogen  atoms  into  aggregates  of  two  or  three 
atoms  (at  1600-2000°C  and  the  stabilizing  pressure  ssb'lO*  Pa  [11])  or  dissociation  of 
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10“  10>2  10«3  Dose,  cm-* 

Figure  2.  Luminescence  intensity  1  of  centres  containing  one  (389  nm,  575  nm),  two 
(H3),and  three  (N3)  nitrogen  atoms  versus  annealing  temperature  (a)  and 
implantation  dose  (b). 


these  aggregates  into  isolated  nitrogen  atoms  [12].  The  process  association-dissociation  is 
reversible,  its  direction  depending  on  temperature  and  on  the  ratio  of  concentrations  of 
isolated  and  aggregated  nitrogen.  As  practically  any  reaction  in  solid  state  this  process 
should  depend  upon  the  density  of  lattice  defects.  This  was  first  observed  by  Collins  [13] 
who  found  that  the  association  of  single  nitrogen  atoms  into  pairs  (the  so  called  A-form) 
occurs  already  at  I500'’C  in  diamonds  irradiated  by  fast  electrons.  A  mechanism  of  transport 
of  nitrogen  atoms  via  mobile  complexes  N-V  was  suggested. 


In  our  ’’nitrogen  free"  type  I  la  samples  we  also  observed  the  association  of  implanted 
(isolated)  nitrogen  atoms  into  aggregates.  Summing  up  the  behavior  of  nitrogen  atoms  im¬ 
planted  in  "nitrogen-free"  type  Ila  crystals  we  see  that  immediately  after  the  implantation 
or  after  annealing  at  T<I000‘’C  these  atoms  form  interstitial  (e.g.  389  nm)  and  single-atom 
(575  nm)  centres.  The  well  known  luminescent  centres  H3  and  N3  (containing  vacancies 
plus  2  or  3  nitrogen  atoms  respectively)  are  formed  already  at  the  annealing  temperatures 
T«1{)00°C  (Figure  2a)  which  are  considerably  (500-1000“C)  lower  than  those  for  crystals 
not  irradiated  or  irradiated  by  fast  electrons.  This  drastic  radiation  enhancement  of  aggrega¬ 
tion  is  due  to  the  high  local  density  of  radiation  defects.  Locally  each  implanted  atom  is 
surrounded  by  a  disorder  region,  rich  of  vacancies  and  ready  to  provide  a  "carrier”  for 
nitrogen  transport.  This  situation  is  to  be  compared  to  electron  irradiated  samples  where 
both  vacancies  and  single  nitrogen  atoms  are  randomly  distributed. 


The  importance  of  high  local  density  of  defects  for  this  kind  of  association  reactions  is  con¬ 
firmed  by  the  first,  second  and  third  power  low  of  "intensity  versus  dose"  dependencies  for 
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Figure  3-  Spectra  (a)  and  annealing  behaviour  (b)  of  oxygen  related  luminescence. 

centres  containing  one,  two  and  three  nitrogen  atoms  respectively  (Figure  2b).  This  simple 
relation  of  the  power  low  to  the  number  of  nitrogen  atoms  in  a  given  centre  would  not  hold 
for  randomly  distributed  vacancies  and  nitrogen  atoms.  The  kinetics  of  formation  of,  for 
example,  H3  centres,  containing  three  (N-V-N)  (14J  or  four  (V-N-N-V)  (ISJ  compo¬ 
nents  would  not  follow  simple  second  power  low  observed  in  our  experiments  and  under¬ 
stood  in  terms  of  two  component  (NV+NV)  reaction. 


3.3  Traoping  and  release 

Any  process  of  complex  formation  can  be  considered  as  "trapping”  of  its  components.  The 
terms  "trapping”  and  "release"  are  generally  used  when  the  nature  of  complexes  is  not 
known  and  the  emphasis  is  on  the  very'  fact  of  disappearance  or  appearance  of  some  effm 
due  to  a  given  impurity  or  defect. 

In  oxygen-implanted  diamond  we  observed  several  lines  (584.8,  598.3,  836,  845  nm.  Fig¬ 
ure  3a)  definitely  related  to  centres  containing  oxygen  (the  detailed  data  will  be  puMished 
elsewhere).  The  peculiar  feature  of  these  centres  is  that  they  appear  (contrary  to  practically 
all  optical  centres  in  implanted  diamond)  only  after  high  temperature  (>1500^0  annealing 
(Figure  3b).  This  can  be  understood  in  terms  of  release  of  the  implanted  oxygen  atoms  from 
some  configurations  where  they  are  kept  in  optically  inactive  form.  The  intensity  of  these 
lines  is  increased  if  the  samples  implanted  with  oxygen  and  annealed  at  I65(^C  are  irradi¬ 
ated  by  4  MeV  electrons  (or  bombarded  by  some  other  ions)  and  again  annealed  at 
I650®C.  It  means  that  the  release  of  oxygen  is  enhanced  by  radiation  damage. 
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Hydrogen  was  recently  shown  to  passivate  electrically  active  defects  in  diamond  [16].  In 
any  process  of  hydrogenation  or  dehydrogenation  of  diamond  it  is  important  to  take  into 
account  the  contribution  of  hydrogen  present  in  natural  diamonds  as  one  of  the  main  back¬ 
ground  impurities  [17].  In  this  respect  it  is  pertinent  to  recall  our  data  on  luminescent  con¬ 
trol  of  hydrogen  in  diamond  [2].,  In  hydrogen  (or  deuterium)  implanted  diamonds  we 
found  specific,  isotopicly  shifted  luminescence  lines  at  545.8  nm  (H)  and  545.2  (D)  respec¬ 
tively.  The  nonmonotonic  annealing  curves  suggested  complicated  kinetics  of  formation  and 
destruction  of  the  centres.  An  important  feature  was  an  additional  peak  at  about  950°C  on 
the  annealing  curve  for  hydrogen  centres.  This  was  understood  as  a  manifestation  of  a  proc¬ 
ess  which  overcompensated  the  destruction  of  the  centres.  This  process  is  believed  to  be  the 
release  of  hydrogen  from  some  sources,  probably  water  containing  magma  droplets  [17] 
where  it  is  "stored”.  The  supply  of  hydrogen  from  these  sources  can  essentially  affect  the 
properties  of  heat  treated  (and  irradiated)  samples. 
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ABSTRACT 

Wide-band-gap  semiconductors  are  of  great  technological  interest,  but  are  plagued  by  one 
major  problem:  they  can  easily  be  doped  either  n-type  or  p-type,  but  not  the  other.  For 
example,  it  is  comparatively  easy  to  make  n-type  ZnSe,  but  difficult  to  make  p-type  ZnSe. 
Compensation  by  native  point  defects  is  the  most  popular  explanation  of  doping  problems  in 
wide-band-gap  semiconductors.  We  determine  the  concentrations  of  all  native  point  defects 
in  ZnSe,  using  accurate  ab  initio  total  energy  calculations.  We  find  that  native  defect  con¬ 
centrations  are  too  low  to  cause  compensation  in  stoichiometric  ZnSe.  Small  deviations  from 
stoichiometry  can  produce  enough  native  defects  to  compensate  doping.  However,  we  find 
that  for  either  Zn-rich  or  Se-rich  material,  native  defects  will  compensate  both  n-type  and 
p-type  doping;  thus  deviations  from  stoichiometry  cannot  explain  why  ZnSe  prefers  to  be  n- 
type.  For  Li-doped  ZnSe  we  show  that  the  true  cause  of  doping  difficulties  is  twofold:  (1)  the 
propensity  of  Li  to  become  an  interstitial  donor  and  (2)  the  limited  solubility  of  the  dopant. 


1.  Introduction 

Wide-band-gap  semiconductors  have  important  optoelectronic  applications.  ZnSe  (Eg  =  2.7 
eV)  for  example,  can  be  used  to  make  a  blue  semiconductor  laser..  Greater  use  of  wide-band-gap 
materials  has  been  hampered  by  doping  difficulties:  very  few  wide-band-gap  semiconductors 
can  be  doped  both  n-type  and  p-type.[l,  2,  3]  For  instance,  ZnTe  and  diamond  can  be  doped 
p-type  but  not  n-type,  while  other  wide-band-gap  materials  can  only  be  made  n-type.  In  spite 
of  recent  reports  of  well-conducting  p-type  ZnSe,(4, 5]  the  causes  of  the  doping  problems  remain 
unclear. 

The  most  popular  explanation  of  why  it  is  hard  to  dope  wide-band-gap  semiconductors  is  the 
native  defect  compensation  mechanism.(6,  7]  According  to  the  native  defect  mechanism,  p-type 
ZnSe  is  compensated  by  native  point  defects  that  are  donors.  The  energy  cost  to  form  the  native 
defects  would  be  offset  by  the  energy  gained  when  electrons  are  transferred  from  the  donor  levels 
of  the  native  defects  to  the  Fermi  level  (which  is  near  the  valence  band  in  p-type  material)..  If 
the  native  donor  defect  levels  are  near  the  conduction  band  edge,  then  the  energy  gained  by 
electron  transfer  would  almost  equal  the  width  of  the  band  gap  (Fig.  1).  Consequently,  native 
defect  compensation  would  become  more  likely  as  the  band  gap  is  increased.,  n-type  doping  of 
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Figure  1:  Native  defect  compensation  in  a  p-type  semiconductor.  According  to  the  native 
defect  mechanism,  native  donor  defects  are  formed  in  wide-band-gap  semiconductors.  These 
defects  gain  back  much  of  their  energy  of  formation  by  transferring  electrons  from  defect  levels 
near  the  conduction  band  to  the  Fermi  level  near  the  valence  band.  The  energy  gain  due  to 
electron  transfer  can  be  of  the  order  of  the  band-gap  energy.. 

ZnTe  and  diamond  would  be  compensated  by  native  acceptor  defects  that  transfer  their  holes 
to  the  donor  dopants.  The  appeal  of  native  defect  compensation  is  its  universality — it  applies 
to  all  wide-band-gap  materials,  all  growth  methods,  and  all  dopants.  Although  native  defect 
compensation  was  proposed  some  30  years  ago,  there  is  still  no  convincing  evidence  either  for 
or  against  it.. 

We  investigate  the  native  defect  compensation  method  using  first-principles  total  energy 
calculations.  We  calculate  the  total  energies  of  all  native  point  defects  in  ZnSe,  and  use  these 
energies  to  determine  the  con'^entrations  of  these  defects.  The  energies  were  calculated  in  a 
pseudopotential  formalism.  To  get  a  good  description  of  ZnSe,  we  include  the  Zn  3d  electrons  as 
valence  states,  using  a  mixed  basis  set  of  localized  functions  and  plane  waves.  These  are  the  first 
defect  calculations  in  a  II- VI  semiconductor  to  fully  include  the  effects  of  the  metal  d  electrons. 
We  find  that  the  concentrations  of  native  defects  are  far  too  low  to  compensate  p-type  doping 
of  stoichiometric  ZnSe.  Small  deviations  from  stoichiometry  can  accommodate  large  concentra¬ 
tions  of  native  defects.  We  find,  however,  that  any  deviations  from  stoichiometry  compensate 
n-type  as  well  as  p-type  ZnSe.  Thus,  native  defects  caused  by  deviations  from  stoichiometry 
cannot  explain  why  it  is  so  much  harder  to  make  p-type  ZnSe  than  n-type  ZnSe..  We  have  also 
determined  the  native  defect  concentrations  in  diamond,  and  again  find  that  the  defect  concen- 
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trations  are  too  low  to  compensate  doping.  Having  shown  that  native  defects  are  not  responsible 
for  doping  problems  in  wide-band-gap  semiconductors,  we  will  examine  doping  problems  on  a 
case-by-case  basis.  For  the  Lizn  acceptor  in  ZnSe  we  show  that  there  are  two  causes  of  doping 
difficulties:  (1 )  the  presence  of  interstitial  Li  donors  and  (2)  the  limited  solubility  of  Li  in  ZnSe. 

2.  Methods 

In  this  section  we  describe  the  theoretical  methods  used  to  calculate  defect  energies.  Our 
calculations  use  density-functional  theory  in  the  local-density  approximation  (LDA)  and  norm- 
conserving  pseudopotentials.  [8,  9]  Supercells  (corresponding  to  32  atoms  of  pure  ZnSe)  are  used 
to  represent  the  defects.  These  methods,  combined  with  a  plane-wave  basis  set,  have  been  used 
very  successfully  in  the  past  for  studies  of  defects  in  Si  and  other  semiconductors.  The  II-VI 
materials,  however,  present  a  problem  for  these  methods:  zinc  contains  a  tightly-bound  set  of 
3d  electrons  that  cannot  be  easily  represented  by  a  plane-wave  basis  set.  These  d  electrons  may 
be  treated  as  core  states  of  the  pseudopotential,  but  this  results  in  a  very  poor  description  of 
ZnSe.  For  example,  the  lattice  constant  calculated  with  a  “d-in-the-core”  pseudopotential  is 
5.19  A  compared  with  the  experimental  lattice  constant  of  5.67  A  (Fig.  2). 

In  order  to  treat  the  d  electrons  as  valence  states,  we  use  an  all-new  mixed-basis  program, 
which  combines  localized  functions  with  the  plane  waves.  The  program  was  carefully  optimized, 
allowing  defect  calculations  in  large  supercells.  We  use  the  Zn  3d  pseudo- wave  functions  as  the 
localized  basis  functions,  and  include  all  plane  waves  up  to  a  kinetic  energy  cutoff  of  9  Ry.  (The 
eigenvalue  problem  was  solved  using  an  iterative  diagonalization  scheme.flO])  These  methods 
provide  a  good  description  of  the  lattice  constant,  bulk  modulus  and  TO  phonon  frequency  of 
ZnSe  (and  other  materials).  Convergence  tests  were  performed  for  supercell  size,  the  basis  set 
and  other  calculational  parameters,  assuring  an  overall  accuracy  of  better  that  0.5  eV. 

Density-functional  theory  used  with  the  LDA  consistently  predicts  band-gaps  that  are  too 
small  compared  with  experiment.  For  ZnSe,  our  calculated  band-gap  is  about  1  eV.  This  band- 
gap  error  will  affect  formation  energies  of  defects  that  have  occupied  electron  states  in  the 
band  gap.  The  band-gap  error  will  not  affect  our  results  for  p-type  material  (where  the  Fermi 
level  is  near  the  valence  band  edge)  since  defect  states  in  the  gap  will  be  empty  and  will  not 
contribute  to  the  total  energy  of  the  defect.  In  n-type  material,  we  can  derive  a  minimum 
value  for  the  defect  energies  by  assuming  that  the  calculated  electron  levels  in  the  gap  are 
correctly  positioned  with  respect  to  the  valence  band  edge.  The  maximum  value  is  found  by 
assuming  that  the  calculated  levels  are  correctly  positioned  with  respect  to  the  conduction 
band  edge.  In  our  work  we  will  use  the  worst-case  assumptions  about  defect  energies  in  n- 
type  materials  to  guarantee  that  our  conclusions  are  not  affected  of  the  LDA  band-gap  error. 

3.  Defect  energies  and  concentrations 

We  use  these  methods  to  calculate  the  formation  energies  of  all  native  point  defects  in  ZnSe: 
two  types  of  interstitials  (Zn;  and  Se;),  two  types  of  vacancies  (Vzn  and  Vse))  and  two  types 
of  antisites  (Zns*  and  Sezn)-.  The  total  energy  of  each  defect  was  calculated  in  each  relevant 
charge  state,  for  a  total  of  29  defect  calculations. 

The  formation  energy  of  a  defect  may  be  lowered  by  the  relaxation  of  nearby  host  atoms 
from  their  perfect  crystal  sites.  We  calculate  relaxation  energies  explicitly  for  the  dominant 
native  defects  in  p-type  ZnSe.  For  interstitial  defects  we  relax  the  first  and  second  nearest 
neighbor  atoms  and  also  the  fourth  nearest  neighbors  that  are  bonded  directly  to  the  first 
nearest  neighbors.,  For  substitutional  defects  we  relax  the  first  nearest  neighbors.  All  of  these 
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Figure  2:  Total  energy  of  pure  ZnSe  as  a  function  of  lattice  constant  calculated  with  the  Zn  3d 
electrons  treated  as  core  states  and  as  valence  states.  The  experimental  values  (solid  line)  are 
based  on  the  experimental  lattice  constant  and  bulk  modulus.  For  comparison,  the  minimum 
energy  of  each  curve  is  set  to  zero. 

relaxations  are  small:  the  largest  relaxation  that  we  found  was  0.2  A  with  a  relaxation  energy 
of  0.6  eV.  For  the  remaining  defects,  we  assume  a  relaxation  energy  of  1  eV;  our  conclusions 
remain  unchanged  even  if  we  allow  a  2  eV  relaxation  energy. 

Defect  concentrations  will  also  depend  on  the  formation  entropy  of  the  defect.  In  our  work 
we  allow  a  range  of  0-10  ks  for  the  defect  formation  entropies.  By  comparison,  a  recent  accurate 
calculation!!  1, 12]  for  the  Si  self-interstitial  found  a  formation  entropy  of  5-6  for  the  ground 
state.  The  Si  self-interstitial  represents  an  extreme  case  in  that  the  ground-state  configuration 
has  low  symmetry,  which  accounts  for  half  of  the  formation  entropy.  It  is  therefore  highly 
unlikely  that  the  entropies  for  native  defects  in  ZnSe  could  be  larger  than  10  ^b- 

In  a  compound  semiconductor  like  ZnSe,  individual  native  defect  energies  are  not  unique 
numbers:  they  are  a  function  of  the  chemical  potentials  of  the  Zn  and  Se  atoms,  /xzd  &nd  /rse- 
The  two  chemical  potentials  are  constrained  by  the  condition  that  (in  equilibrium)  their  sum 
must  equal  the  total  energy  of  a  two-atom  unit  of  perfect  ZnSe  {fiznse  =  nzn  +  fiSt)-  (We  use 
the  total  energy  of  a  perfect  ZnSe  cell  at  T  =  0  K  for  pznSe-)  Given  the  Zn  and  Se  chemical 
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p-type 

n-type 

Defect 

Concentration  (cm"®) 

Defect 

Concentration  (cm"®) 

wmimi 

2.5  X  10* 

1.4  X  10*® 

2.1  X  10* 

ZnSe 

5.2  X  10’® 

\mmmm 

1.5  X  10* 

mmm 

1.3  X  10’® 

IKSSi 

1.7  X  10® 

3.5  X  10” 

Vz„ 

8.7  X  10* 

3.7  X  10* 

Znr  (Tzn) 

2.2  X  10* 

■■gOpiHII 

V?- 

1.2  X  10* 

8.6  X  10* 

1.7  X  10® 

Table  1:  Native  defect  concentrations  in  stoichiometric  ZnSe.  Concentrations  of  defects  greater 
that  10®  cm"®  are  shown  for  ZnSe  doped  with  10‘*  cm"®  acceptors  or  donors.  A  formation 
entropy  of  5  kg  per  defect  is  assumed. 

potentials,  the  formation  energy  of  each  native  defect  is  well  defined  and  can  be  derived  from  a 
supercell  calculation  as  follows.  The  total  energy  of  a  supercell  for  the  i***  defect  containing  N 
Zn  atoms  and  M  Se  atoms,  E{i),  is  calculated.  The  defect  formation  energy,  Ejt,rm(i)i  is  then 

Ejormii)  =  E{i)  -  Nfiz„  -  A//ise  =  E{i)  -  (A  -  M)iii  -  (A  +  M)p2  =  £(0  -  (1) 

where  p,  =  (pzn  -  /<Se)/2,  P2  =  (/‘Zn  +  /‘5e)/2  (a  constant),  n{i)  =  N  -  M,  and  e(i)  = 
E{i)  -  (N  +  A/)p2-.  n{i)  is  the  number  of  extra  Zn  atoms  that  must  be  added  to  form  the 
defect  (+1  for  Vs*,  -2  for  Sezn,  etc.)  and  is  independent  of  the  size  of  the  supercell.  Using 
this  prescription  all  of  the  defect  formation  energies,  and  hence  their  concentrations,  C{i),  are 
unique  functions  of  pi.  The  concentrations,  in  turn,  determine  the  stoichiometry.  Here,  we  fix 
the  stoichiometry  first  and  then  determine  C{i).  To  do  this  we  write  C{i)  in  terms  of  the  total 
energies  and  entropies,  5(i),  of  formation: 

_  gS(<)/‘'Be-(<(<)-''(»)Mll/*BJ'  =  elS{')/*B-«(')/*B7lyn(>)  _  (2) 


where  y  =  exp{ni /kaT).  The  stoichiometry  parameter  is 

^  ^  E  «(«)C(»)  =  “  5  E  n(‘)a(*  (3) 

(A  =  0  for  perfect  stoichiometry,  and  X  >  0  for  Se-rich).  To  find  defect 

concentrations  as  a  function  of  stoichiometry,  one  simply  chooses  values  of  X  and 
the  temperature,  and  solves  for  y.  (The  problem  is  essentially  finding  a  root  of 
a  polynomial,  which  can  be  done  quickly  and  easily  using  standard  algorithms.) 

4.  Results 

Figure  3  shows  the  concentrations  of  minority  carriers  produced  by  all  native  defects  for 
n-type  and  p-type  stoichiometric  ZnSe.  Individual  defect  concentrations  are  presented  in  Table 
1,  The  results  shown  are  for  material  with  10**  cm"®  dopants.  The  dominant  native  defects  are 
V§„,  and  SeJ,^  for  p-type,  and  V£"  and  Zng,  for  n-type.  At  MBE  growth  temperatures 
(T=600  K)  the  concentration  of  minority  carriers  produced  is  less  than  10’®  cm"®.  For  material 
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Figure  3:  Concentration  of  minority  carriers  produced  by  all  native  point  defects  in  stoichio¬ 
metric  p-type  and  n-type  ZnSe.  (The  range  of  values  shown  for  p-type  ZnSe  corresponds  to 
defect  formation  entropies  in  the  range  of  0-10  ^b  )  For  n-type  ZnSe,  the  minimum  defect  con¬ 
centrations  are  shown  (derived  from  the  maximum  formation  energies  due  to  the  LDA  band-gap 
uncertainty).  This  shows  that  the  concentration  of  native  defects  in  n-type  ZnSe  is  at  least  as 
great  it  is  in  p-type  ZnSe. 

grown  at  higher  temperatures,  excess  native  defects  will  recombine  during  cooling,  unless  the 
■sample  is  rapidly  quenched.  (Native  defects  in  ZnSe  remain  mobile  even  at  temperatures  of 
400  K,[13]  so  that  kinetic  barriers  do  not  prevent  the  attainment  of  thermal  equilibrium.) 

To  further  support  our  conclusions,  we  have  derived  native  defect  concentrations  for  diamond 
from  the  first-principles  defect  energies  of  Bernholc  et  o/..[14]  The  doping  level  is  again  10'® 
cm“®.  At  a  CVD-growth  temperature  of  1100  K,  the  number  of  holes  produced  in  n-type 
diamond  by  native  defects  is  at  most  2  x  10'®  cm"3  (Fig.  4).  Clearly,  the  concentrations  of 
native  defects  in  both  stoichiometric  ZnSe  and  diamond  are  far  too  low  to  produce  significant 
compensation.  Furthermore,  the  native  defects  are  no  more  likely  to  compensate  p-type  ZnSe 
than  the  other  way  around. 

Our  conclusion  that  the  concentrations  of  native  defects  in  stoichiometric  ZnSe  are  very  low 
does  not  mean  that  native  defect  compensation  in  ZnSe  never  occurs.  If  the  sample  is  grown 
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Figure  4:;  Concentration  of  minority  carriers  produced  by  all  native  point  defects  in  p-type  and 
n-type  diamond.  For  n-type  diamond,  the  maximum  defect  concentrations  are  shown  (derived 
from  the  minimum  formation  energies  due  to  the  LDA  band-gap  uncertainty).  This  shows  that 
the  concentration  of  native  defects  in  n-type  diamond  is  too  low  to  compensate  doping. 

with  even  a  slight  deviation  from  perfect  stoichiometry  the  concentration  of  native  defects  will 
necessarily  be  very  large,  even  at  T  =  0  K.  (We  refer  here  only  to  deviations  from  stoichiom¬ 
etry  caused  by  native  defects.  In  actual  crystals,  precipitates,  dopants  and  higher  dimensional 
defects  may  also  contribute  to  the  stoichiometry.)  Because  the  density  of  atomic  sites  in  ZnSe 
is  4  X  10*®  cm"*  a  deviation  from  stoichiometry  as  small  as  10~*  implies  a  defect  concentra¬ 
tion  of  about  10‘*  cm"*..  We  find  that  the  native  defects  that  eM:commodate  deviations  from 
stoichiometry  are  always  those  that  compensate  the  majority  carriers.  For  p-type  ZnSe,  the 
dominant  defect  is  Zuj  in  Zn-rich  material,  and  Sezn  in  Se-rich  material;  we  find  that  both  are 
double  donors.  For  n-type  ZnSe  the  dominant  (acceptor)  defects  are  Zns*  and  Vza  for  Zn  and 
Se  rich  materials,  respectively.  Similar  results  were  found  by  Jansen  and  Sankey.[7]  This  defect 
structure  is  much  richer  than  that  used  in  many  previous  analyses  of  native  defects  in  II- VI 
semiconductors.[15]  The  difficulty  in  producing  p-type  ZnSe  cannot  be  explained  by  deviations 
from  stoichiometry  because  any  deviation  that  compensates  p-type  doping  would  compensate 
n-type  doping  equally  well. 
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The  deviations  from  stoichiometry  that  we  are  discussing  are  too  small  to  measure  experi¬ 
mentally,  which  precludes  a  direct  confirmation  of  our  predictions.  There  is,  however,  indirect 
evidence  to  verify  one  of  our  predictions,  namely  that  the  zinc  vacancy  is  the  dominant  native 
defect  in  n-type  Se-rich  ZnSe.  As-grown  bulk  ZnSe  samples  are  highly  compensated,  and  must 
be  annealed  in  a  Zn-rich  atmosphere  to  be  made  well-conducting.  One  known  cause  of  this  com¬ 
pensation  is  large  numbers  of  “self-activated”  (acceptor)  centers,  which  are  donor- Vzn  pairs.[16] 
This  shows  that  zinc  vacancies  are  a  prominent  defect  in  as-grown  n-type  ZnSe.  Furthermore, 
analysis  of  the  Zn-Se  phase  diagram  suggests  that  ZnSe  grown  under  equilibrium  conditions 
from  a  melt  is  Se-rich.  Thus,  our  results  for  Se-rich  n-type  ZnSe  provide  a  natural  explanation 
of  the  occurrence  of  self-activated  centers  in  ZnSe. 

Having  settled  the  native  defect  compensation  issue  quantitatively,  we  now  reexamine  the 
notion  that  native  defect  compensation  increases  with  the  width  of  the  band-gap.  Let  us  restate 
the  standard  argument  for  this  trend:  for  p-type  material,  imagine  a  prototypal  compensating 
native  donor  defect  that,  when  neutral,  introduces  one  electron  into  a  level  in  the  gap  {Ei)\ 
the  formation  energy  for  this  defect,  is  assumed  not  to  depend  on  the  width  of  the  band 
gap.  The  energy  gained  by  transferring  the  electron  from  the  level  in  the  gap  to  the  Fermi 
level  (El  -  Ep,  where  Ep  is  the  Fermi  level)  should,  in  contrast,  increase  with  the  width 
of  the  gap.  Thus,  the  net  energy  needed  to  form  compensating  defects,  EP  -  {El  —  Ep), 
should  decrease  as  the  band  gap  increases.  The  flaw  in  this  argument  is  that  it  assumes 
that  the  level  in  the  gap  El  and  E°  are  independent  of  one  another.  Actually,  the  level 
in  the  gap  is  defined  by  El  =  EP  -  £'^,(17)  where  £+  -h  Ep  is  the  (Fermi-level  dependent) 
energy  of  formation  of  the  positive  charge  state  defect  (Fig.  5).  Using  this  definition,  we  find 
that  the  net  energy  required  to  create  a  compensating  defect  is  E°  -  {El  -  Ep)  =  + 

Ept  independent  of  the  energy  of  formation  of  the  neutral  defect.  We  see  that  native-defect 
compensation  will  increase  with  the  width  of  the  band  gap  if  and  only  if  E"*"  Ep  decreases 
with  increasing  band  gap.  The  existence  of  such  a  trend  has  not  been  convincingly  established. 

5.  Dopants  in  ZnSe 

Having  eliminated  native  defects  as  a  generic  source  of  compensation  in  wide  band-gap 
materials,  it  is  fruitful  to  identify  problems  associated  with  specific  dopants.  At  present,  we 
are  examining  the  technologically  important  cases  of  Lizm  Nazn  and  Nse  acceptors  in  ZnSe.[18] 
Our  results  for  Li  doping  indicate  that  two  factors  inhibit  doping.  1)  Interstitial  Li  is  a  donor.. 
For  lightly  Li-doped  samples,  where  the  Fermi  level  is  far  from  the  valence  band  edge,  sub¬ 
stitutional  Lizn  has  a  lower  formation  energy  than  Lii,  so  that  all  of  t’.e  Li  will  be  substitu¬ 
tional  acceptors.  As  the  Li  content  increases  the  Fermi  level  moves  down,  causing  the  for¬ 
mation  energy  of  the  Li,-  donor  to  decrease,  and  that  of  the  Lizn  acceptor  to  increase.  For 
heavily  Li-doped  samples,  the  Fermi  level  will  be  pinned  at  the  value  for  which  the  forma¬ 
tion  energies  of  the  interstitial  and  substitutional  defects  are  equal.  The  pinning  Fermi  level 
position  depends  on  the  zinc  chemical  potential  fizn-  for  low  /izn  (Zn  deficient),  Lizn  is  fa¬ 
vored  over  Lii,  and  the  pinning  value  of  the  Fermi  level  will  be  lower..  Thus  compensation 
by  Lii  can  be  avoided  by  growing  the  crystal  in  a  Zn-deficient  environment.  2)  A  second 
factor  that  inhibits  Li  doping  is  that  the  solubility  of  Li  in  ZnSe  is  limited.  We  calculate 
the  solubility  limit  for  Li  in  ZnSe  to  be  a  few  times  10‘*  cm"®  at  a  growth  temperature  of 
600  K..  These  results  explain  the  experimentally  observed  saturation  of  the  hole  concentration 
with  increasing  Li  content,  and  the  limited  total  Li  concentration  in  Li-doped  ZnSe.[19,  20] 


Materials  Science  Forum  vois.  83-87 


1233 


Figure  5:  Formation  energy  of  the  neutral  {E°)  and  positively  charged  (£■•■)  states  of  a  donor 
defect,  as  a  function  of  the  Fermi  level  {Ep).  The  level  in  the  gap,  Ei,  is  defined  as  the  value 
of  Ep  for  which  EP  =  E"*".. 

6.  Summary 

In  conclusion,  we  have  shown  that  native  defects  alone  cannot  be  responsible  for  difficulties 
in  doping  the  wide  band-gap  semiconductors  ZnSe  and  diamond.  Native  defect  concentrations 
in  MBE-grown  stoichiometric  ZnSe  are  too  low  to  compensate.  Deviations  from  stoichiometry 
in  ZnSe  can  produce  large  numbers  of  native  defects  which,  however,  compensate  n-type  as  well 
as  p-type  material.  Therefore  native  defects  produced  by  deviations  from  stoichiometry  cannot 
explain  why  it  is  much  harder  to  dope  ZnSe  n-type  than  p-type.  Having  eliminated  native 
defects  as  the  source  of  doping  problems  in  ZnSe,  we  are  examining  specific  dopant  systems. 
Results  indicate  that  doping  problems  for  Li-doped  ZnSe  are  caused  by  1)  competition  between 
substitutional  and  interstitial  Li  and  2)  limited  solubility  of  Li  in  ZnSe. 
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ABSTRACT 

ITie  structure  of  A  -  centres  in  CdTe:Cl  has  been  determined  by  optically  detected  magnetic 
resonance  (  ODMR  )  investigations  in  the  luminescence  band  at  1.42  eV.  The  centres  have 
trigonal  symmetry  and  the  g  -  factors  are  g|  |  =  2.2  and  =  0.4  assuming  an  effective  spin  S  = 
1/2.  In  addition  hyperfine  interaction  with  the  nearest  Tellurium  neighbors  has  been 
observed.  The  properties  of  the  A  •  centres  in  CdTe  are  compared  to  the  data  of  those  defects 
in  other  11  -  VI  compounds. 


1.  Introduction 

Cation  vacancy  -  donor  complexes  (  A  -  centres )  play  an  important  role  in  the  compensation 
behaviour  of  II  -  VI  compounds.  In  ZnS  and  ZnSe  the  properties  of  those  defects  have  been 
studied  in  great  detail  and  it  has  been  demonstrated  that  they  are  responsible  for  the  "  self  - 
activated  "  luminescence  bands  [1,2].  However,  there  is  only  limited  information  about  the 
luminescence  and  electronic  properties  of  A  -  centers  in  the  other  II  -  VI  compounds, 
especially  in  CdTe. 

In  ZnTe,  being  an  exceptional  case  in  the  II  -  VI  family  in  that  sense  that  inspite  of  n  -  type 
doping  only  p  -  type  conductivity  results,  A  -  centres  have  possibly  been  identified  (3).  Their 
optical  and  structural  properties  show,  however,  striking  differences  compared  to  ZnS  and 
ZnSe. 

In  Cdle  which  can  be  doped  n-  and  p-  type  A  -  centres  were  claimed  to  be  responsible  for  a 
luminescence  band  located  at  1.42  eV,  but  sofar  no  experimental  proof  has  been  given  [4]. 
Unfortunately  the  situation  in  CdTe  is  complicated  by  the  fact  that  in  this  spectral  range  also 
donor  -  acceptor  recombinations  due  to  residual  impurities  Cu  and  Ag  occur  [5].  This  has  led 
to  speculations  that  A  -  centers  may  not  be  present  in  the  material  and  that  the  compensation 
mechanism  in  CdTe  is  governed  by  extrinsic  contaminations  [6]. 

In  this  study  we  have  been  able  to  identify  A  -  centers  in  CdTe  by  ODMR  experiments  and  to 
correlate  the  luminescence  band.  Their  optical  and  magnetic  properties  show  features  of 
intermediate  deep  defects  in  this  host.  Our  results  support  the  A  -  center  identification  in  Cl 
doped  ZnTe. 


intensity  ( arb.  units ) 
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Fig.  1 : 

a)  Phololuminescence  .spectrum  of  the  A  - 
centres  in  CdTerCl 

b)  excitation  spectrum  of  the  A  -  center  ODMR 
signals 

2.  Experimental  Setup 

Optical  and  magnetooptical  experiments  were  performed  at  1.7  K  with  the  sample  in  contact 
with  superfluid  helium  or  at  4.2  K. 

The  ODMR  spectrometer  operates  at  24  GHz  and  static  magnetic  fields  up  to  2.5  Tesla  were 
available.  As  excitation  light  the  514  nm  line  of  an  Ar"^  laser  was  used,  typical  excitation 
powers  were  200  mW  in  an  unfocused  beam.  The  emission  was  dispersed  through  a  double 
monochromator  and  detected  by  a  Ge  detector  (  North  Coast ),  For  the  measurements  of  the 
magnetic  circular  polarisation  of  the  emisson  (  MCPE )  a  quartz  stress  modulator  and  a  linear 
polarizer  wms  set  in  the  emission  beam.  The  samples  used  were  grown  either  by  the  Bridgman 
or  the  traveling  heater  technique.  Dopants  were  added  into  the  melt  prior  growth  in 
concentrations  up  to  lO’^  cm'^. 


3.  Results  and  Discussion 

The  luminescence  spectrum  of  CdTerCl  (  Fig.  1  a  )  shows  a  band  centered  at  1.42  cV.  The 
zero  -  phonon  line  (  ZPL  )  is  at  1.478  eV  followed  by  6  LO-phonon  replicas  which  sl:ow  an 
intensity  distribution  according  to  the  Poisson  distribution  I(n)=e‘^  (S"/n!)  with  a  Huang  - 
Rhy’s  factor  of  S  =  2.2  ±  0.1.  Almost  no  luminescence  due  to  excitonic  recombinations  close 
to  the  band  gap  of  CdTe  at  1.6  eV  is  observed . 

Cu  gives  also  rise  to  emission  in  this  spectral  region  =  1-45  eV)  and  is  an  omnipresent 
impurity  in  CdTe,  other  defects  and  impurities  causing  luminescene  at  1.42  eV  have  been 
reported  in  ref.  (5,7,8].  The  luminescence  spectra  of  those  defects  or  impurities  show  slightly 
shifted  ZPL's  and  different  Huang  -  Rhys  factors  compared  to  Fig.  la.  However,  by  the 
ODMR  experiments  described  in  the  following  it  was  possible  to  show  that  A  -  centres 
definitly  have  the  above  described  photoluminc.scence  in  this  spectral  region. 
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Fig.  2; 

MCPE  spectrum  of  CdTe:Cl  showing 
the  Cl  donor  resonance  (D)  and  the 
resonances  identiOed  as  originating  in 
the  A  -  center  (acceptor) 


The  ODMR  signals  obtained  in  the  luminescence  of  Fig.  la  are  shown  in  Fig.  2.  They  are 
measured  as  decrease  of  the  MCPE  which  increases  with  increasing  magnetic  field  (increasing 
background  in  Fig.2 ). 

The  ODMR  excitation  spectrum  presented  in  Fig.  lb  shows  that  the  resonances  originate  in 
the  luminescence  band  of  Fig.  la. 

The  high  field  ODMR  resonance  in  Fig.2  is  isotropic  and  has  a  g  •  value  of  1.69  in  agreement 
with  the  value  obtained  for  donor  centers  in  elccton  -  spin  -  resonance  experiments  (9). 

The  other  ODMR  signals  in  Fig.  2  are  anisotropic  resolving  an  acceptor  with  trigonal 
symmetry  .  The  corresponding  angular  dependence  is  shown  in  Fig.  3  by  full  circles,  rotating 
the  crystal  in  a  (110)  plane.  Assuming  an  effective  spin  S.=  1/2  the  angular  dependence  is 
fitted  by  the  spin  Hamiltonian 


H=MB-B-g,ffS 

with  gcff=(gj,,cff^cos%  +g,,fj2sin^)l/2 

and  effective  g  -  values  gj  |  ^ff  =  2.2  and  g^  =  0.4  (  drawn  lines  in  Fig.  3  ).  9  denotes  the 
angle  between  the  magnetic  field  B  and  a  trigonal  <  111  >  symmetry  axis. 

In  contrast  A  -  centres  in  ZnS  and  ZnSe  have  g  -  values  close  to  the  free  electron  g  -  value, 
reflecting  the  quenched  orbital  moment  of  these  deep  level  defects  [1]. 

A  -  centres  act  as  single  acceptors  ( Vcd"  -  Cl^g'*'  )■,  the  neutral  charge  state,  when  a  hole  is 
trapped,  is  paramagnetic.  The  level  position  in  CdTe  is  approx.  120  meV  above  valence  band 
which  is "  shallow "  compared  to  ZnS  and  ZnSe  ( approx.  1  eV  and  0.6  eV  respectively)  (lOJ . 
Shallow  acceptors  can  be  described  as  being  formed  by  a  J  “  3/2  hole  from  the  t<^  of  the 
valence  band,  which  is  split  by  the  trigonal  pertubation  D  into  ±  1/2  and  ±311  states. 
The  spin  Hamilton  operator  can  thus  be  written : 

H  =  -1/3J(J+ 1)1  +  gjiMBBA  +  +  BA) 

where  gij  and  are  given  by  g,|  *1/3  g.;j  ^,7  and  gj^«(2Dg,  gff)/hu,  with  hu  the  microwave 
energy  (U,  12). 
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Fig.  3: 

Angular  dependence  of  the  ODMR  lines  of 
the  A  -  center  in  CdTe:Cl.  The  magnetic 
field  is  rotated  in  a  {110}  plane.  The 
experimental  data  are  plotted  as  filled 
circles.  The  calculated  angular  dependence 
( trigonal  symmetry )  is  plotted  as  solid  lines 


With  out  measured  value  of  g|  |  ^eff“2.2  we  obtain  g| ,  =0.73  close  to  the  g  -  values  for  shallow 
effective  mass  like  acceptors  in  CdTe  of  g  =  0.71  [13]. 

The  splitting  of  the  J^=±3/2  and  3 ^-±1/2  states  caused,  by  the  trigonal  distortion  can  be 
estimated  from  g|  |  eff=0.4  to  be  D  =  0.09  meV  [12]. 

Each  of  the  accept.or  lines  shown  in  Fig.2  is  accompanied  by  4  satelites  of  lower  intensity  ( Fig. 
4 ).  The  intensities  of  the  two  stronger  and  the  two  weaker  lines  are  about  12%,  and  1%  of  the 
central  line  respectively.  The  splittings  are,  within  the  experimental  accuracy,  constant  when 
rotating  the  crystal  with  respect  to  the  .static  magnetic  field. 

Considering  the  intensities  and  positions  of  the  peaks  the  spectrum  cannot  explained  in  terms 
of  a  hyperfine  interaction  with  a  central  nucleus  being  part  of  the  defect.  However,  the  set  of  5 
lines  can  be  explained  well  by  the  hyperfine  interacion  with  three  equivalent  Te  ligands. 

About  92%  of  the  Te  isotopes  have  nuclear  spin  1  =  0  and  8  %  have  1=  1/2.  These  are  ^^^Te 
(I  =  1/2,  7%  abundance)  and  ^^^e  (I  =  1/2,  0.9%  abundance),  the  difference  in  their 
magnetic  moment  ft=0.8n^  and  respectively  is  to  small  to  be  resolved  in  our 

experiments. 

The  nearest  neighbor  sites  can  be  occupied  either  by  an  isotope  with  I  =  0  or  I  =  1/2.  Taking 
into  account  the  statistical  weights  the  defects  with  one  I  =  1/2  Te  neighbor  should  account 
for  13%,  the  defects  surrounded  by  two  Te  atoms  with  I  =  1/2  should  account  for  0.5%  and 
those  with  three  Te  I  =  1/2  atoms  to  0.001%  of  the  intensity.  The  latter  are  difficult  to 
observe,  but  the  experimental  data  are  otherwise  in  excellent  agreem.ent  with  such  a  model. 
The  observation  of  the  Te  ligand  hyperfine  interaction  excludes  that  the  defect  is  located  on 
the  Te  sublattice.  This  together  with  the  symmetry  rules  out  any  extrinsic  impurity  to  be 
responsible  for  the  defect,  single  acceptors  such  as  the  group  I  elements  and,  e.g.  Cu  and  Ag, 
have  cubic  symmetry. 
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Fig.  4; 

The  Te  ligand  interactions  of  the  A  -  center 
in  CdTe;Cl.  The  different  peaks  correspond 
to  0, 1  and  2  of  the  3  Te  neighbors  having 
1 .20  1 .25  1 .30  an  isotope  with  nuclear  spin  I  =  1/2 

magnetic  field  (tesla) 

We  therefore  conclude  that  a  Cd  -  vacancy  is  at  center  of  the  defect  surrounded  by  three  Te 
ligands  with  a  clorine  donor  atom  located  in  one  of  the  <111>  nearest  neighbor  positions 
causing  the  trigonal  distortion  ( Fig.  5 ).  It  compensates  one  of  the  two  negative  charges  of  the 
Cd  -  vacancy. 

A  hyperfine  interaction  with  the  clorine  donor  nucleus  (1  =  3/2)  could  not  be  resolved  in  our 
experiments.  Anyway,  it  is  expected  to  be  small  and  buried  in  the  linewidth  of  the  Te  - 
hyperfine  lines  because  the  hole  trapped  at  the  defect  is  repelled  electrostatically  by  the 
positive  Cl  -  donor.  Experiments  like  optically  detected  electron  nuclear  double  resonance 
( ODENDOR  )  could  possibly  resolve  these  interaction  and  are  planed  for  the  future. 


Conclusions 

The  analysis  shows  that  A  -  centers  in  Clorine  doped  CdTe  although  having  the  same 
atomistic  structure  as  those  in  the  widegap  II  -  VI  compounds  ZnSe  and  ZnS  their  electronic, 
optical  and  magnetooptical  properties  differ  remarkably.  For  A  -  centers  in  ZnTe;Cl  results 
have  been  obtained  which  are  comparable  to  this  investigation  [3].  In  the  Tellurium 
compounds  A  -  centers  behave  as  "intermediate"  deep  centres  whereas  in  ZnSe  and  ZnS  they 
are  true  deep  level  defects. 
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Fig.  5:  Structure  model  of  the  A  -  centers  in  CdTe:Cl 
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ABSTRACT 

The  luminescences  of  bound  excitons  in  various  II-IV  semiconductors  are  studied  by  means  of 
time  resolved  spectroscopy  at  liquid  helium  temperatures.  A  general  trend  of  increasing  lifetimes 
with  increasing  binding  energies  is  in  reasonable  agreement  with  the  theory  of  Rashba  and 
Gurgenishvili  indicating  a  pr^ominant  radiative  decay.  It  is  shown  that  the  investigation  of  the 
dynamics  of  weakly  bound  excitons  provides  the  possibility  to  determine  parameters  of  the  free 
exciton.  An  effective  exciton  mass  of  1.06mo  for  ZnO  and  a  free  exciton  oscillator  strength  of 
0.0014  for  ZnS  are  determined.  The  limits  of  the  model  in  case  of  deeply  bound  excitons  as  well 
as  the  nonradiative  decay  channels  are  discussed.  The  observed  luminescence  risetimes  due  to 
the  formation  of  bound  exciton  complexes  after  generation  of  free  excitons  are  investigated. 


Introduction 

In  II-IV  compounds  nearby  the  free  exciton  resonances  a  lot  of  sharp  lines  dominate  the 
emission  spectral  These  lines  are  due  to  the  radiative  decay  of  excitons  weakly  bound  to 
different  defects  always  present  in  these  compounds.  Due  to  the  high  formation  probability  of 
such  complexes  they  are  the  dominant  decay  channel  for  intrinsic  excitations  (e.g.  free  excitons) 
in  these  semiconductors.  Even  low  impurity  concentrations  suppress  the  free  exciton 
luminescence  due  to  a  drastic  shortening  of  their  lifetimes^.  The  giant  oscillator  strengths 
connected  with  bound  excitons  correspond  to  extremly  short  radiative  lifetimes,  which  strongly 
reactivated  the  interest  in  recent  years^-^-®,  since  the  bound  excitons  become  good  candidates  for 
fast  nonlinear  optical  devices,  suggested  for  optical  or  opto-electronic  data  processing. 

In  this  paper  we  report  on  time  resolved  spectra  of  free  and  bound  excitons  in  ZnO,  ZnS,  CdS 
and  ZnSe  at  low  temperatures.  Low  excitation  densities  are  employed,  since  otherwise 
biexcitons  and  other  nonlinearities  superimpose  the  dynamical  behaviour  of  the  bound  excitons. 
The  obtained  data  are  compared  to  recent  results  for  ZnO*,  ZnSe*-®  and  CdS"^  and  discussed  in 
the  framework  of  the  theory  developed  by  Rashba  and  Gurgenishvili®’^  in  order  to  determine  the 
parameters  controlling  the  relevant  decay  mechanisms.  Thereby,  it  is  demonstrated  that  the 
investigation  of  the  decay  dynamics  of  weakly  bound  excitons  gives  a  valuable  feedback  about 
basic  parameters  of  free  excitons,  e.g.  their  oscillator  strength  or  effective  mass.  The  results  are 
compared  to  those  of  excitons  deeply  bound  to  Ni-centres  and  to  calometric  absorption  results. 


Experimental 

The  experimental  arrangement  consists  of  an  actively  modelocked  Nd-YAG  laser  which  is  either 
frequency-tripled  to  pump  synchronously  a  dye  laser  operating  with  stilbene  3  for  band-band 
excitation  of  ZnSe  and  CdS,  or  frequency-doubled  to  pump  R6G-dye,  subpiuently  again 
frequency-doubled  to  excite  ZnS  and  ZnO  above  the  bandgap.  A  cavity  dumper  is  used  to  lower 
the  pulse  repetition  rate  to  3.8MHz  and  to  increase  the  p^  power.  The  system  delivers  pulses 
of  about  3ps  duration  and  an  average  power  of  up  to  300mW.  During  the  luminescence 
experiments  average  excitation  densities  of  O.SmW/mm^  or  less  are  used.  The  transient 
luminescence  is  detected  through  a  0.75m  monochromator  by  means  of  time-correlated  single 
photon  counting  using  a  micro-channel  plate  photomultiplier  tube  (Hamamatsu  R2809U).  The 
instrumental  time  resolution  is  about  50ps,  allowing  the  determination  of  lifetimes  down  to  15ps 
by  deconvolution  technics.  The  results  of  the  subsequent  convolutions  are  given  as  full  lines  in 
fig.  1-4.  The  origin  of  the  luminescence  transients  is  checked  by  means  of  time  delayed 
luminescence  spectroscopy. 

In  the  analysis  of  the  observed  luminescence  transients  I(t)  the  formation  time  r,  and  the 
decaytime  of  bound  exciton  complexes  have  to  be  taken  into  acount: 
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I(t)  -  (Tr  -  7-d)-‘  [exp(-t/Tr)  -  exp(-t/Td)] 

The  rising  part  of  the  luminescence  intensity  depends  on  the  smaller  one  between  t,  and  tj  and 
the  decaying  part  on  the  larger  one.  To  determine  the  decaytime  we  performed  pump-and-probe 
measurements  under  resonant  excitation  conditions.  Average  pump  powers  of  about  20mW  and 
probe  powers  of  less  than  0.5mW  are  used. 


Results 


The  time  dependence  of  the  bound  exciton  complexes  in  high-quality  ZnO  rods  have  been 
investigated.  The  insert  of  fig.l  shows  the  time  integrated  luminescence  spectrum  of  a  not 
intentionally  doped  costal  recorded  under  the  same  conditions  as  used  for  the  time  resolved 
measurements.  Emission  lines  due  to  different  localized  bound  exciton  complexes  occur.  The 
chemical  nature 
3.3662eV  and 
(3.3606eV),  I7 
excitons^i.  The 

incrwsing  lifetime  with  increasing  binding  energy.  Only  the  ^-complex  shows  a  pecularity,  its 
lifetime  is  longer  than  those  of  the  stronger  localize  I5-  and  17-complexes.  The  obtained 
decaytimes  are  summarized  in  tab.I  and  in  qualitative  agreement  with  results  reported  for  I7  and 
Iio*.  The  observed  risetimes  of  about  60ps  to  80ps  in  the  bound  exciton  luminescences  are 
correlated  to  the  dynamics  of  the  free  A-exciton.  Under  the  employed  excitation  conditions  the 
A-exciton  decays  almost  exponential  with  a  time  constant  of  (60±10)ps  during  the  first  200ps 

and  afterwards  becomes  slower,  probably  due  to 
a  saturation  of  the  bound  exciton  recombination 
channels.  This  indicates  the  formation  of  bound 
exciton  complexes  as  dominant  process 
lowering  the  free  exciton  density  in  the 
investigated  sample.  It  has  to  be  noted  that  for 
the  lines  I4  to  I9  at  longer  times  an  additional 
weak  (about  1%)  component  with  a  time 
constant  of  1.9ns  is  observed.  Time  delayed 
luminescence  spectra  show  that  this  slow 
component  is  connected  with  the  respective 
bound  exciton  emissions,  too,  indicating  a 
unique  slow  bound  exciton  formation  channel 
whose  origin  is  still  unclear.  In  weakly  doped 
crystals  the  bound  exciton  emission  lines 
become  broader,  but  at  least  the  decaytimes  of 
the  (A0,X)  complexes  remains  unaltered. 
Additional)',  the  free  exciton  lifetime  as  well  as 
the  luminescence  risetimes  decrease 
simultaneously. 

The  transients  of  different  exciton  emission 
lines  of  a  CdS  crystal  containing  O.lppm  Ni  are 
shown  in  fig.2.  Not  intentionally  as  well  as  In- 
or  Ni-doped  samples  show  again  that  the  free 
exciton  decaytime  and  the  bound  exciton 
risetimes  decrease  simultaneously  down  to  2Sps 
in  doped  crystals  whereas  the  decay  of  the 
bound  exciton  complexes  remains  unaltered. 
The  (AO,X)-complex  (Ii,  2.5356eV)  has  a 
lifetime  of  650±20ps  and  the  (D°,X)-complex 
(I2,  2.5467eV)  has  a  lifetime  of  100±20ps,  see 
tab.I.  This  values  are  somewhat  shorter  than 
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ui  uic  participating  defects  is  still  not  clear  but  lines  near  the  resonances  I3  at 
I4  at  3.3629eV  have  been  assigned  to  (D°,X)-complexesi°  and  the  lines  L 
(3.3600eV)  and  L  (3.3567eV)  are  identified  as  neutral  acceptor  bound 
transients  of  the  different  bound  exciton  emission  lines,  fig.l,  reveal  a  trend  of 


fig.l:  Luminescence  transients  of  exciton  results  reported  by  Henry  and  Nassau'^,  possibly 
ermssions  in  ZnO  excited  at  4.12eV.  The  indicating  concentration  quenching  in  our 
insert  gives  the  time  integrated  luminescence  crystals  or  too  high  excitation  densities.  We 
spectrum.  have  to  exclude  both  possibilities:  the 
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experimental  results  show  no  resolveable 
influence  of  the  different  used  dopand's 
concentrations  (<10i®cm*3)  on  the  bound 
exciton  lifetimes  and  luminescence  spectra 
recorded  under  the  employed  experimental 
conditions  show  no  biexciton  luminescence,  the 
so  called  M-band  which  occur  near  I2  and  is 
slower  anyhow^^  jn  order  to  investigate  the 
bound  exciton  dynamics  under  resonant 
excitation  and  to  exclude  effects  of  the  free 
exciton  density  we  performed  pump-and-probe 
measurements.  Fig. 3  shows  the  results  obtained 
for  the  l2-absorption  of  a  thin  CdS  sample.  The 
insert  gives  the  absorption  spectrum  (E_lc)  with 
the  l2-resonance  at  2.5467eV  as  observed  with 
the  pump  beam.  No  influence  of  the  excitation 
density  is  resolved  but  the  much  more  sensitive 
pump-and-probe  technics  reveal  small 
absorption  changes  induced  by  the  pump-beam. 
The  absorption  of  the  pump-pulse  leads  to  a 
saturation  of  the  lo-absorption,  whereby  the 
temporal  increase  of  the  saturation  follows  the 
integral  of  the  pump-pulse.  Subsequently,  the 
saturation  decays  with  110±2{)ps  corresponding 
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fig.2:  Luminescence  transients  of  exciton 
emissions  in  CdS  excited  at  2. 78eV. 


well  to  the  lOOps  determined  in  time  resolved 

luminescence  experiments.  (The  decay  time  of  the  (A®,X)-complex  has  been  confirmed,  too.) 
During  the  temporal  coincidence  of  pump-  and  probe-pulses  fast  changes  of  the  pump-and-probe 
signal  are  observed,  see  fig.3.  The  amplitude  ratios  of  the  induced  absorption  and  transmission 
as  well  as  of  the  l2-saturation  are  sensitive  to  the  experimental  conditions  indicating  three  almost 
independent  processes.  The  induced  absorption  is  connected  with  the  pulse  duration  wheras  the 
induced  fast  transmission  is  connected  with  the  coherence  time  of  the  pulses.  Therefore,  we 
prmose  that  the  fast  absorptive  change  is  due  to  two-photon  absorption  not  connected  with  the 
(D°,X)-compIex  (it  is  also  seen  besides  the  resonance)  and  the  fast  transmittive  change  to  be  due 
to  the  coherence  peak  often  observed  in  pump-and-probe  signals. 


Recently,  the  I3-  and  the  Ij-emission  line  sets  occuring  in  high  quality  ZnS  crystals  have  been 
attribute  to  two  different  (A°,X)-complexes*^.  The  insert  in  fig.4  gives  the  time  integrated 
luminescence  spectrum  of  a 
typical  sample  as  observed  under 
time  resolved  conditions.  The 
respective  threefold  finestructure  12 

of  the  two  lines  is  not  resolved 
due  to  the  experimental 
resolution.  The  A-exciton  at 
3.8000eV  is  clearly  resolved  in  08 
time  delayed  spectra.  The  ^ 
luminescence  transients  in  fig.4 
show  exponential  decays  with  q 

285ps  and  150ps  for  the  I3-  and  \  4 

the  15-complexes,  respectively.  Q 

The  free  exciton  decays  almost 
exponential  with  (15±10)ps  over 
one  decade  followed  by  a  weak  q 

second  component  with  ISOps 
corresponding  to  the  Is-lifetime. 

Obviously,  the  impurity 
correlated  processes  dominate  the 
lowering  of  the  free  exciton 
concentration  but  saturate  at 
longer  times.  Possibly  ,  the  fig.3:  Pump-and-probe  signal  of  the  U  absorption  in  CdS. 
reported  'hot'-lines  indicate  a  The  absorption  is  shown  in  the  insert  (Ep^,  Ep,gi,f  _i_  c). 


1244 


ICDS-16 


slow  thermalization  in  the  ground  states  of  t' 
(A°,X)-complexes  compared  to  their  lifetimes. 

On  weakly  Na-  and  Li-doped  ZnSe  samples  the 
free  exciton  (2.8024eV),  the  donor  bound 
excitons  (y  (2.798eV)  and  three  different 
acceptor  bound  excitons  (Ij)  at  2.793 leV  (Na), 
2.7923eV  (Li)  and  2.7829eV  (Cu)  are 
observed.  The  decaytimes  are  in  good 
agreement  with  those  reported^-®  and  are 
summarized  in  tab.I.  It  is  clearly  resolved  that 
with  increasing  binding  energy  the  decay 
becomes  slower.  The  lifetimes  of  the  (A°,X)- 
complexes  are  independent  of  the  dopand's- 
concentration  within  the  experimental  error  of 
about  20ps,  but  the  free  exciton  lifetime  varys 
from  ISps  to  120ps  in  correlation  with  the 
risetimes  of  the  bound  exciton  complexes.  The 
risetime  of  the  Cu-related  (A°,X)-complex 
partly  exceeds  the  free  exciton  lifetime  showing 
efficient  energy  transfer  between  weakly 
localized  bound  excitons  and  the  stronger 
localized  Cu-related  (A°,X)-complex., 


Discussion 

fig.4:  Luminescence  transients  of  exciton 

emissions  in  ZnS  excited  at  4.12eV.  The  The  experimental  results  siiow  that  in  the 
insert  gives  the  time  integrated  luminescence  investigated  materials  even  for  low  impurity 
spectrum.  concentrations  the  lifetimes  of  the  free  A- 

exciton  are  strongly  reduced  due  to  impurity 
correlated  recombination  channels.  Thereby,  the 
formation  of  bound  exciton  complexes  plays  the  dominant  role.  Free  exciton  lifetimes  down  to  a 
few  ten  ps  are  observed.  The  subsequent  decay  of  the  bound  exciton  complexes  is  ultrafast, 
decaytimes  down  to  some  ten  ps  occur  in  the  widegap  II-IV  semiconductors,  tab.I.  The  bound 
exciton  decaytimes  are  constant  in  the  investigate  doping  range  (rSlO^^cm’^),  Recently,  a 
decrease  of  the  lifetime  of  the  In-related  (D°,X)-complex  for  In-concentrations  around  lO^'^cm*^ 
has  been  reporte^'*.  In  ZnSe  an  energy  transfer  between  the.  most  delocalized  shallow  (D0,X)- 
complexes  and  the  deep  Cu-related  acceptor  complex  is  observed. 

Two  possible  recombination  processes  control  the  dynamical  behaviour  of  excitons  bound  to 
neutri  donors  or  acceptors:  the  radiative  decay  and  the  nonradiative  Auger-recombination.  The 
radiative  transition  probability  decreases  with  increasing  localization,  whereas  the  Auger- 


toft./;  Experimental  (tj)  and  calculated  (tJ  lifetimes  and  binding  energies  En^of  bound  exciton 
complexes  in  ZnO,  ZnS,  CdS  and  ZnSe.  For  the  calculation  the  theory  is  used. 
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recombination  rate  increases  with  increasing  localization.  As  one  can  see  from  tab.I  our  results 
clearly  indicate  radiative  decay.  Obviously,  in  the  direct  gap  II-IV  semiconductors  the  radiative 
decay  channel  dominates. 

Rashba  and  Gurgenishvili®-^  (R&G)  introduced  a  model  explaining  the  enhanced  oscillator 
strengths  of  bound  excitons  compared  to  those  of  the  free  exciton.  In  their  model  the  gain  in 
oscillator  strength  is  proportional  to  the  ratio  of  the  volume  of  the  center  of  mass  wavefunction 
of  the  bound  exciton  and  the  volume  of  a  primitive  elementar  cell.  The  wavefunction  of  the 
bound  exciton  is  derived  from  effective  mass  theory  considering  the  interaction  with  the  neutral 
impurity  as  delta-function  potential  whose  amplitude  is  adjusted  for  the  correct  binding  energy 
of  the  complex.  Thereby,  the  giant  oscillator  strengths  of  the  bound  excitons  are  due  to  the 
breakdown  of  k-conservation  and  are  proportional  to  the  overlapp  between  the  electron  and  hole 
wavefunctions.  A  decrease  of  overlap  with  increasing  binding  energy  is  caused  by  the  short 
range  binding  potential  which  attracts  one  charge  carrier  of  the  exciton  but  repels  the  other  one. 
The  lifetimes  are  estimated  from  the  following  formula; 

rd  =  (4.5  2/(nf^j)(V/(8iraBE3))  (1) 

where  is  the  emitted  light  wavelength  in  cm,  n  is  the  refractive  index,  f„  is  the  oscillator 
strength  of  the  free  exciton  and  V  is  £e  volume  of  the  primitive  cell,  as^  is  the  Bohr  radius  of 
the  bound  exciton  in  the  potential  of  the  neutral  impurity  given  by 


aBE  =  h/(2m„EB)i'2  (2) 

m^x  is  the  effective  exciton  mass  and  is  the  binding  energy  of  the  exciton-impurity  complex. 
For  small  binding  energies  Eb  the  radiative  lifetimes  are  shorter  than  the  free  exciton  one. 

Taking  equation  1  and  2  the  lifetimes  of  the  bound  exciton  complexes  can  be  calculated  using 
known  constants  of  the  host  material  and  the  observed  binding  energies.  Tab.I  gives  the 
calculated  lifetimes  together  with  the  experimental  values  r^.  The  u^  parameters  can  be 
found  in5-3-’,  whereby  for  CdS  the  effective  ma's  has  been  replaced**  by  0.9mo.  In  general,  the 
experimental  and  the  theoretical  lifetimes  are  in  good  agreement  indicating  dominating  radiative 
dec^  of  the  bound  exciton  complexes.  Remarloible  is  the  excellent  agreement  obtained  for  CdS 
confirming  our  experimental  results  in  contradiction  to  earlier  ones^.  Recently,  the  nonradiative 


recombination  of  excitons  in  CdS  has  been 
investigated  by  means  of  calometric  absorption 
spectroscopy*®  (CAS).  The  results  demonstrate 
nonradiative  decay  channels  for  the  Ij  and  the 
I2  lines.  Unfortunatly,  the  measurements  have 
not  been  quantitative,  no  quantum  efficiencies 
have  been  calculated.  But  if  one  keep  in  mind 
that  CAS  is  extremly  sensitive  and  that  the 
Ii+TA  absorption  leads  to  a  stronger  heating 
than  the  L  absorption  (see  fig.4  in**),  the 
quantum  efficiency  of  the  bound  excitons  in 
CdS  should  be  quite  close  to  1. 

The  investigation  of  the  dynamics  of  weakly 
bound  excitons  can  be  used  to  check  or  even  to 
determine  the  parameters  used  by  R&G  if  they 
are  uncertain  or  even  unknown.  In  fig.S  the 
lifetimes  of  the  bound  exciton  complexes  in 
ZnO  are  presented  as  function  of  the  binding 
energy  1^:  t-(Eb*'^).  As  predicted  fy  the 
theory  of  R&G  for  radiative  processes  the 
decaytimes  are  well  proportional  to  Eb*^ 
prooving  its  applicability.  But,  the  absolut 
values  predicted  are  to  small,  probably  due  to 
an  uncertain  effective  exciton  mass.  From  the 
experimental  lifetimes  an  effective  exciton 
mass  of  1.06mo  is  determined  instead  of  the 


flg.5:  Ufetimes  of  bound  exciton 
complexes  in  ZnO  in  dependence  of 
The  data  point  Ijq  is  from  refJ. 
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0.87mo  used  in  the  calculation.  In  ZnS  the  oscilator  strength  of  the  free  exciton  is  still  unknown. 
Using  V=0.0395nm3,  n-3  and®"^  mgx=0.71mo  we  obtain  f„=0.0014. 

Although  the  theory  of  R&G  gives  the  general  tendency  correct,  are  the  deviations  sometimes 
larger  than  the  experimental  enor,  especially  for  the  14-line,  see  fig.5.  Despite  the  fact  that  the 
theory  of  R&G  is  estonishing  powerfuil  it  is  simple  and  neglects  a  lot  of  contributions,  e.g. 
correlation  effects.  .Sanders  and  Chang^^  tried  to  overcome  these  shortcomings  and  also  point^ 
out  that  for  excitons  bound  to  neutral  donors  the  delta-function  potential  used  by  R&G  should  be 
insufficient.  This  can  be  the  reason  for  the  deviations  observed  for  the  14-emission  conrirming 
the  interpretation  as  (D°,X)-complex.  Nevertheless,  the  R&G  theory  gives  good  results  as  far  as 
the  exciton  binding  energy  is  larger  than  those  of  the  bound  exciton  complex.  This  situation  is 
clearly  given  in  ZnO,  ZnS  and  CdS  but  not  for  ZnTe.  In  ZnTe  the  Auger-recombination  is 
dominating  for  larger  binding  energies^^.  The  situatuation  is  completly  changed  for  deep  bound 
excitons.  The  exciton  bound  to  an  isoelectronic  NP+'centre  in  CdS  has  a  binding  energy  of 
362meV  much  larger  than  the  exciton  binding  energy.  In  contrast  to  the  calculated  92ns  the 
complex  relaxes  within  a  few  picoseconds  but  exclusively  nonradiative^^.  The  Ni2+-centre  with 
its  electronic  d®-configuration  provides  extreme  efficient  nonradiative  relaxation  channels  for  the 
bound  exciton  due  to  its  multilevel  structure. 


Summary 

Time  resolved  measurements  of  not  intentionally  and  weakly  dop^  ZnO,  CdS,  ZnS  and  ZnSe 
crystals  are  presented.  A  strong  decrease  of  the  free  exciton  lifetimes  down  to  a  few  ten  ps  in 
connection  with  an  increase  of  the  dopand's  concentration  is  observed.  Thereby,  a  saturation  of 
the  impurity  correlated  recombination  channels  occur  after  a  delay  which  depends  on  the 
excitation  density.  Lifetimes  of  excitons  weakly  bound  to  neutral  donors  or  acceptors  in  the 
range  from  40ps  to  Ins  are  observed  in  these  materials,  which  are  independend  of  the  dopand's 
concentration.  Especially,  the  rich  bound  exciton  spectrum  of  ZnO  allows  a  detailed  comparison 
with  model  calculations  revealing  a  reasonable  agreement  for  radiative  decay.  We  suppose  that 
detailed  time  resolved  investigations  in  direct  gap  II-VI  semiconductors  gives  a  good  possibility 
to  determine  or  check  the  effective  mass  or  the  oscillator  strength  of  the  free  exciton.  In  the 
investigated  semiconductors  the  radiative  decay  dominates  the  Auger-recombination. 
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LUMINESCENCE  OF  A  Sd-CENTRE  IN  ZNS 
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Institut  fiir  Festkorperphysik,  Technischen  Universitat  Berlin,  Germany 


ABSTRACT 

A  strong  near  infrared  luminescence  band  structured  by  over  70  lines  in  cubic  ZnS  has  been 
attributed  to  a  M-centre,  recently.  Now,  we  identify  the  luminescence  as  an  internal  W2+- 
transition  on  the  basis  of  high  resolution  spectroscopy  and  doping  experiments.  Tungsten 
occupies  a  cation  place  and  the  crystal-field  is  sufficiently  strong  for  a  low-spin  configuration. 
The  rich  line  pattern  is  mainly  due  to  the  interaction  with  one  resonant  phonon  mode  at 
15.5meV  with  Aj-symmetry  and  two  gap  modes  with  29.8meV  and  32.9meV.  W2+  forms  a 
deep  acceptor  2.548eV  above  the  valance  band.  A  transient  shallow  acceptor  state  (W+.hva) 
with  a  bmding  energy  of  215meV  is  identified.  The  influences  of  stacking  faults  and  of  the 
electron-phonon  interaction  on  the  luminescence  structure  are  discussed. 


1.  Introduction 

ZnS  crystals  exhibit  a  well  known  luminescence  structure  in  the  near  infrared  spectral  region^. 
Due  to  the  remarkable  high  number  of  sharp  lines  as  well  as  results  from  Zeeman  and  excitation 
measurements  the  luminescence  has  been  attributed  to  a  M-centre*  which  is  composed  of  two 
neighbouring  sulphur  vacancies.  The  difficulties  with  the  interpretation  given  in*  >2  arose  mainly 
from  the  lack  of  an  unambigious  identification  of  the  zero  phonon  line(s)  (ZPL)  and  from  the 
superposed  Ni2+  3Ti(P)-^Tj(F)  luminescence^.  Recently,  the  ZPLs  have  been  identified  by 
means  of  excitation  spectroscopy**.  In  the  present  work  it  is  shown  that  an  internal  transition 
within  substitutional  W^-^-ions  explains  well  all  observations.  Detailed  investigations  of  the 
luminescence  structure  including  the  ZPL-region  in  dependence  of  temperature,  magnetic  fields, 
the  doping  and  the  excitation  conditions  arc  presented.  The  influences  of  the  polytypic  crystal 
structure  and  of  the  electron-phonon  interaction  are  investigated. 


2.  The  luminescence  centre 

The  investigated  ZnS  crystals  exhibit  a  strong  richly  structured  luminescence  in  the  near  infrared 
spectral  region  at  low  temperatures  (fig.l).  RecenUy,  the  weak  line  group  around  l.SlleV  has 
been  identified  as  ZPL-region  of  the  luminescence*,  whereas  the  two  weaJc  lines  at  l.S20eV  are 
due  to  internal  transitions  of  Ni2+-centres.  The  ZPLs  are  followed  by  acoustical  phonon  replicas 
superposed  by  over  70  sharp  lines.  New  magneto-optical  studies  reveal  for  all  lines  (including 
the  ZPLs)  a  nonmagnetic  ground  state  and  a  magnetic  triplet  with  g= 1.82  ±0.08  for  the  excited 
state  as  indicated  in  the  insert  of  fig.l.  This  is  in  good  agreement  with  reported  results*  for  the 
strong  lines  between  1.46eV  and  I.485eV.  The  uniform  Zeeman  behaviour  indicates  that  all 
emission  lines  are  due  to  the  same  electronic  transition,  the  whole  luminescence  pattern 
represents  phonon  replica  of  the  weak  zero  phonon  line  at  1.51 1507eV.  The  energy  positions  are 
summariz^  in  tab.I  of  ref.*,  but  the  interpretations  given  there  have  to  be  revised  as  it  will  be 
discussed  in  the  following. 

The  high  energy  part  of  the  luminescence  spectrum  depends  strongly  on  the  crystal  structure  as 
shown  in  fig.2.  Most  of  the  investigated  crystals  have  a  polytypic  but  preferably  cubic  crystal 
structure.  The  content  of  hexagonal  parts  increases  from  crystal  A  to  crystal  C:  while  crystal  A 
is  nearly  perfect  cubic,  crystal  C  has  about  20%  polytypic  parts.  This  has  been  demonstrated  by 
the  Ni2+-transitions3-5  in  the  same  crystals.  Most  of  the  ZPLs,  fig.2b,  become  stronger  with 
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fig.l:  Luminescence  spectrum  of  a  W-doped  cubic  ZnS-crystal  excited  at  2.60eV.  Some  of 
the  line  pairs  due  to  the  local  phonons  with  energies  of  IS.SmeV  fa),  29.8meV  (b)  arid 
32.9meV  (c)  are  marked.  The  insert  shows  shematically  the  Zeeman  behaviour  of  all  lines 
except  the  marked  Ni^* -lines. 

increasing  polytypic  parts.  Only  the  unpolarized  cubic  emission  at  l.SllSleV  holds  its  intensity 
(-0.2%)  in  relation  to  the  strong  phonon  replica  at  i.478S9eV,  whereas  the  axial  lines  become 
soon  much  stronger  than  the  cubic  line  and  are  polarized  preferably  perpendicular  to  the  c-axis 
of  the  polytypes  (the  <  111  of  the  cubic  phase).  We  attribute  these  lines  to  centres 

on  different  axial  sites  as  indicated  in  rig.2b  and  summarized  in  tab.L  The  energy  shifts  of  ^out 
ImeV  of  the  axial  lines  against  the  cubic  one  are  very  small  compared  to  those  known  for  3d- 
elements^.  But  the  intensity  changes  are  drastic,  indicating  a  dipole  forbidden  zero  phonon 
transition  in  T^-symmetry  (cubic-centre),  which  becomes  allowed  in  C3v-sy>nmetry.  Obviously, 
the  symmetry  selection  rules  are  lifted  for  most  of  the  phonon  replica,  allmost  the  whole 
luminescence  band  in  fig.l  is  due  to  the  prevailing  cubic  centre.  However,  the  situation  is 
different  in  the  one  phonon  region  shown  in  fig.2a.  Shifted  by  lS.48meV  to  lower  energies  a 
detailed  replica  of  the  ZPL-region  arises,  obviously  corresponding  to  a  phontm  mode  with  A^ 
symmetry  which  preserves  the  selection  rules.  At  least  for  crystal  C  also  at  lower  energies 
phonon  replica  of  the  axial  lines  are  seen,  the  noncubic  lines  are  marked  by  arrows. 

The  strong  influence  of  the  polytypic  crystal  structure  on  the  selection  rules  demonstrates  a 
point-defect  as  luminescence  centre  excluding  tire  proposed  M-centre.  In  addition,  annealing  of 
the  crystals  in  a  sulphur  atmosphere  supports  the  luminescence*,  the:i.fore  the  presence  of  S- 
vacancies  and  especially  of  M-centres  is  unprobable.  The  Zeeman  results  indicate  that  the 
ground  state  should  be  a  spin  and  orbitad  singulet.  Among  possible  defect  centres  either  an 
electronic  d*-conftguration  for  a  substitutionad  or  an  electronic  d^-configuration  for  an  interstitial 
defect  meet  these  demands  in  the  low-spin  case  with  their  <At-ground  states.  Since  the  3d- 
elements  are  well  known  to  have  high-spin  configurations^,  we  doped  our  crystals  with 
appropriate  4d-  and  Sd-eiements.  The  principal  doping  procedure  is  given  in  Ref.*^.  Whereas  for 
Nb  and  Mo  the  luminescentre  is  not  observed,  W-doping  in  the  sub-ppm-region  leads  to  a  strong 


Materials  Science  Forum  vols.  83-87 


1249 


fig.  2:  Luminescence  spectra  of  the  one-phonon  (a)  and  the  ZPL  (b)  region  of  three 
different  crystals  excited  at  1.89eV  at  T=I.8K.  Crystal  A  is  allmost  perfect  cubic  and 
crystal  C  has  strong  polytypic  parts.  Emission  lines  due  to  axial  centres  are  marked  by 
arrows. 

emission,  see  fig.l.  Therefore,  we  conclude  that  at  least  W  can  be  incorporated  in  ZnS  by 
indiffusion,  occupies  an  cation-place  (substitutional)  as  and  the  crystal-field  is  sufficiently 
strong  for  the  low-spin  configuration  with  its  >Ai(e*)-ground  state.  It  is  known  from  III-V 
semiconductors  that  the  ratio  Dq/B  increases  if  one  goes  from  3d-  to  Sd-transition  metals*  and 
theoretical  calculations’  show  that  at  least  in  these  compounds  for  W^^-ions  the  low-^in 
situation  should  hold. 

Recently,  substitutional  W^'*' -centres  have  been  reported 
as  near  infrared  luminescence  centres  in  various  II- VI- 
semiconductors‘°  but  not  for  ZnS.  High-spin 
configurations  and  a  weaker  electron-phonon  interaction 
as  for  3d-eiements  have  been  stated.  The  tentative 
assignment  given  by  Ushakov  et  al  has  to  be 
questionized  in  spite  of  our  results.  Due  to  the  doping 
procedure  by  ion  implantation  and  the  high  doping  level 
in  the  lOOOppm  range  it  is  not  sure,  that  the 
liiminescetice  centres  are  r^y  isolated  substitutional 
W^^-ions^  Our  results  indicate  a  similar  electron-phonon 
interaction  for  Sd-  as  for  3d-elements.  Additional,  the 
larger  mass  of  Sd-ions  leads  to  stronger  localized 
phonons  and  thus  to  a  lot  of  sharp  phonon  replicas. 


tab.l:  Energy  positions  of  the 
ZPLs  of  the  different  VF*- 
centres  occuring  in  polytypic 
ZnS-crystals. 


centre 

E(eV) 

AE(meV) 

a't2’ 

1.51035 

-1.16 

ax2 

1.51055 

-0.96 

cubic 

1.51151 

- 

hex 

1.51168 

+0.17 

axr 

1.51205 

+0.54 

axi 

1.51254 

+1.03 

1250 


ICDS-16 


3.  The  term  structure 

The  identification  of  the  excited  state  of  the  luminescence  is  not  trivial.  A  hint  is  given  by  the 
luminescence  lifetime  which  we  determined  to  be  7/iS.  The  lifetime  indicates  a  spin-forbidden 
transition  but  is  to  short  for  a  quintett-singuiett  transition.  Due  to  the  strong  spin-orbit 
interaction  typical  for  5d-elements  it  is  not  any  more  reasonable  to  employ  the  crystal-field  states 
as  it  is  usual  for  Sd-elements,  but  we  propose  the  ^TiCe^t^O-staie  to  give  the  main  contribution 
to  the  luminescent  state. 

As  quoted  above  the  ZPLs  are  observed  in  excitation  spectra*,  too,  demonstrating  the  presence 
of  '^'''-centres  in  the  unexcited  crystals.  The  excitation  spectrum  of  the  luminescence,  see 
rig.3,  reveal  further  absorption  processes  with  their  maxima  at  l.SOeV,  2.44eV  and  2.70eV. 
The  l.SOeV  band  is  mainly  due  to  the  spin-allowed  ‘Aj-iTi  transition.  Probably,  the  lack  of 
finestructure  and  the  large  FWHM  of  ISSmeV  are  due  to  a  strong  mixing  with  the  nearby  ^T], 
^2  and  ^2  elates  by  the  spin-orbit  interaction,  which  is  more  important  for  Sd-  as  for  3d-ions. 
The  two  bands  around  2.4SeV  and  2.70eV  are  connected  with  charge  transfer  transitions 
between  the  W-centre  and  the  valenceband  as  has  been  shown  by  excitation  measurements  under 
additional  irradiation^  The  blue  band  with  its  maximum  at  2.70eV  is  due  to  a  charge  transfer 
process  and  the  subsequent  recapture  of  the  generated  free  hole: 

W2+(iA,)  +  hv^^i,  ->  W+  -I-  hvB  (W2+)*  W2+(IAi)  +  hv,g 

A  I^-fit  of  the  low  energy  onset  of  the  excitation  band  yields  an  ionization  energy  of 
(2.S48±0.010)eV  for  the  deep  W2-'--accq)tor  in  ZnS.  The  green  band  with  its  maximum  at 
2.44eV  starts  with  two  sharp  resonances  at  2.3332SeV  and  2.33SSleV  followed  by  a  series  of 
phonon  replicas,  insert  of  fig.3.  The  first  prominent  phonon  replica  correqxMid  to  a  phonon  of 
lS.2meV  in  go^  agreement  with  the  local  Aj-mode  mentioned  above.  The  lines  vanish  above 
T=25K  and  do  not  shift  in  their  special  position  in  this  temperature  r^ion.  The  band  is  due  to 
the  formation  of  a  shallow  acceptor  state  (W'*',hvB)  as  commonly  known  for  3d-icms  in 
ZnS"-‘2: 

W2+(>A,) -I- hv^j,.  (W+,hvB)  W2+('A,)  +  hv,R 

The  binding  energy  of  the 
shallow  accqrtor  complex 
(W+,hvB)  is  (215+10)meV. 
This  binding  energy  is  larger 
than  expected  for  a  shallow 
accqrtor,  which  can  be  due  to 
cent^  cell  corrections  or 
mixing  with  high  lying  Sd- 
states. 


4.  The  dectroD-phonon 
interaction 

The  luminesmice  stru^ute 
connsting  of  ova  70  diarp 
lines  (flg.l)  is  somewhat 
strange  for  an  internal 
tranntion  of  a  tranntion 
metal.  A  d^led  analysis  of 
the  ene^y  distances  diow 


iF  i  I  . .  Ill  "PI  I  I  p«  ■  I  I  I  ■  I  I  ' 

1.5  2.0  2.5  3.0  3.5 


excitation  energy  (eV) 

fig.3:  Excitation  spectrum  of  the  luminescence  band 
given  in  fig.L  The  ittsen  shows  enlarged  the  region  of 
the  transient  shallow  acceptor  state  (W*,hy^. 
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that  all  prominent  resonances  in  the 
high  energy  part  as  well  as  nearly  all 
resonances  in  the  low  energy  part  are 
due  to  multiphonon  processes  from 
the  cubic  ZPL,  whereby  only  three 
phonon  modes  are  involved:  One 
resonant  mode  at  IS.SmeV  and  two 
gap  modes  at  29.8meV  and  32.9meV. 
The  first  replica  of  the  resonant  mode 
is  not  seen  for  a  cubic  crystal  (fig.l) 
but  occur  for  the  polytypic  centres 
(fig.2a)  due  to  its  Ai-symmetiy.  The 
two  strong  lines  around  1.48eV  ate 
the  one  phonon  rqilica  involving  the 
two  gap  modes.  The  phonon  modes  of 
the  axial  centres  differ  slightly  from 
the  cubic  one  and  at  higher  quantum 
numbers  the  phonon  energies  decrease 
slightly  by  up  to  100/xeV.  Some  of 
the  phonon  queings  are  indicated  in 
fig.l.  Further,  a  weak  coupling  to 
acoustical  as  well  as  optical  phonons 
of  the  host  crystal  is  ^served 
indicated  in  fig.l.  The  given 
interpretation  of  the  lines  as  well  as 
the  involved  localized  phonon  modes 
differ  from  those  in  earlier  works‘>^. 
Two  a^iects  should  be  remarked:  At 
first  ^  obsmved  line  pattern 
demonstrates  the  absence  of  any  Jahn- 
Teller  coupling  in  the  ground  state  as 
expected  for  a  ‘Ai(e*)-^te  but 
indicates  a  strong  rearrangement  of 
the  surrounding  in  the  excited 
state.  Secondly,  the  dominating 
interaction  with  distinct  local  phonons 
is  due  to  the  large  mass  difference 
between  the  W-ions  and  the  replaced 
2^*ions. 

A  strong  emission  line  sqieiated  by 
3.38meV  from  the  cubic  ZPL  occurs 
at  higher  temperatures,  shown  in  flg.4 
for  the  nevly  perfect  cubic  crystal  A. 
Crystal  C  shorn  a  somewhat  dtstoned 
linesh^  but  still  the  cubic  hot  line 
dominates.  The  hot  line  originates 
from  a  th^mally  populated  excited 
sute.  The  experimental  derived  term 
sheme  is  given  as  insert  in  rig.4. 
From  symmery  selection  rules  and 
the  observed  Zeeman  behaviour  the 
ZPL  seen  at  helium  temperatures  is 
due  to  a  forbidden  T|-A|  transition 


region  of  crysta!  A  excited  at  1.88eV.  The  hot 
line  is  fitted  with  an  Lorenzian  lineshape. 


energy  (eV) 

Jtg.5:  Temperaiut  d/^endenu  tf  the  one 
phonon  region  of  crysted  A  excite  on  1.88eV. 
The  lines  ocauing  tu  higher  ten^nmoes  are 
marked  by  arrom.  The  insert  fiiom  the 
development  if  the  fWHMs.  The  FWHhf  if  the 
fmt  ZPL  is  final  by  a  dtrect  jdtonon  decay. 
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and  the  high  temperature  line  is  due  to  an  allowed  T2-A1  transition.  The  estimated  ratio  of  the 
oscillator  strengths  is  over  1000:1.  Further  finestructure  in  the  excited  state  can  not  be  excluded, 
but  the  Zeeman  results  give  no  reason  for  a  further  state  near  the  Tj-state.  W-ions  on  axial  sites 
experience  a  symmetry  reduction  to  C3V  connected  with  a  splitting  of  the  T^-state  in  one  A^-  and 
one  E-component.  Now,  the  Aj-E  transition  is  allowed  for  the  polarization  perpendicular  to  the 
c-axis  as  observed  for  the  polytypes,  see  fig.2b.  In  the  framework  of  a  Tanabe-Sugano 
diagram^*’  the  origin  of  these  states  is  not  clear,  since  the  strong  spin-orbit  interaction  leads  to  a 
mixing  of  the  crystal-field  states.  I'.^^retical  calculation  including  the  spin-orbit  interaction  on 
the  same  stage  as  the  crystal-field  are  nessesary. 

Fig.5  show  the  temperature  dependence  of  the  one  phonon  region  of  the  luminescence.  The  lines 
become  broader  and  weaker,  above  30K  the  lines  vanish.  Above  4.2K  the  hot  ZPL  and  their 
phonon  replica  occur  as  indicated  by  arrows  in  fig.5.  The  development  of  the  FWHMs  of  the 
hot  T2-Ai  ZPL  and  some  prominent  phonon  replica  are  given  in  the  insert  of  fig.5.  The 
FHWMs  increase  allmost  linear  with  temperature  above  lOK.  Whereas  the  low  temperature  lines 
show  an  inhomogenious  broadening  of  a  few  hundret  jueV  at  2K  the  T2-A1  transition  is 
homogenious  broadened,  as  is  shown  by  the  Lorenzian  fits  in  fig. 4.  Their  FWHM  is  fitted  with 
the  assumption  of  a  direct  decay  to  the  Tj-stat*-  ender  the  emission  of  low  frequency  phonons. 
An  active  phonon  of  l.TOmeV  and  a  spontaneous  emission  rate  of  1.8THz  have  been  used, 
indicating  a  strong  coupling  to  low  frequency  acoustical  phonons  in  the  excited  state. 


5.  Conclusion 

In  conclusion  we  have  shown  that  the  incorporation  of  the  5d-transition  metal  W  leads  to  a 
strong  richly  structured  luminescence  band  ZnS.  W  is  incorporated  on  cation  sites  as  W2+  and 
forms  a  deep  acceptor  2.548eV  above  the  valence  band.  Excitation  resonances  due  to  the 
formation  of  a  shallow  acceptor  state  (W+.hva)  with  a  binding  energy  of  215meV  are 
recognized.  Mainly  three  local  phonon  modes  are  involved  in  the  luminescence  process.  The 
absence  of  any  Jahn-Teller  interaction  in  the  ground  state  gives  the  oppurtunity  to  study  the  local 
vibrational  modes  of  the  defect  centre. 
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ABSTRACT 

Calculations  of  the  localized  electronic  defect  states  due  to  tetrahedral  and  hexagonal  interstitials 
and  vacancies  in  CdTe  have  been  carried  out  both  with  an  and  with  an  sp^d^  valence  band  basis 
set  including  full  accounting  of  orbital  overlap.  Both  cation  and  anion  defects  are  considered.  We 
discuss  the  effects  of  the  Cd  d  orbitals  on  the  formation  of  the  localized  defect  states  and  compare 
the  results  of  the  full  spd  calculations  to  experiment. 


1.  Introduction 

Since  point  defects,  including  interstitials,  play  a  major  role  in  determining  the  electronic  properties 
of  II-VI  semiconductors,  a  full  understanding  of  these  properties  requires  an  accurate  description 
of  the  important  point  defects  in  these  materials.  With  the  exception  of  some  recent  work  which 
considers  tetrahedral  interstitials  and  some  non-interstitial  defects  in  ZnSe  [1],  most  calculations  of 
interstitial  properties  in  II-VI  semiconductors  neglect  the  effects  of  the  cation  d  states  on  the  bonding, 
though  calculations  of  bulk  properties  have  shown  [2]  that  these  effects  are  often  important  in  II-VI 
semiconductors  containing  Zn,  Cd,  or  Hg. 

The  interaction  of  the  anion  p  orbitals  with  the  d  orbitals  on  neighboring  cations,  which  have  energies 
close  to  the  valence  band  in  these  II-VI  materials,  is  not  forbidden  by  symmetry  at  the  P  point  in  the 
zincblende  lattice.  Both  d  and  p  orbitals  have  a  Tj  (or  Pis)  symmetry  representation,  and  these  two 
Ti  representations  can  interact.  As  expected  in  second  order  perturbation  theory,  the  p-  and  d-derived 
T2  levels  repel  each  other,  so  that  the  d-derived  level  is  lowered  in  energy,and  the  p-deri  ’ed  Tz  level 
which  forms  the  valence  bemd  maximum  is  pushed  up.  Although  tight-binding,  pseudopotential,  and 
other  calculations  which  use  adjustable  parameters  can  be  adjusted  to  fit  chosen  gaps  in  the  band 
structure  even  when  they  do  not  explicitly  include  the  d  orbitals  in  the  valence  band,  the  ability  of 
such  calculations  to  reproduce  an  accurate  picture  of  all  the  effects  of  this  p-d  repulsion  has  been 
questioned  [2]. 

In  this  paper,  we  examine  the  differences  in  the  electronic  structure  cl  the  defect  states  obtmned 
in  a  tight-binding  calculation  with  parameters  chosen  to  fit  the  bulk  band  structure  using  an  sp 
basis  only,  and  a  similar  calculation  using  an  spd  basis,  for  Cd  and  Te  interstitials  and  vacancies  in 
CdTe.  We  consider  the  two  tetrahedral  positions  and  the  hexagonal  position  for  the  interstitial.  The 
two  tetrahedral  positions  are  a  natur  J  starting  point  when  searching  for  the  preferred  interstitial 
position,  and  the  hexagonal  point  is  the  point  half-way  along  a  line  between  two  adjacent  tetrahedral 
sites,  where  the  open  channel  for  diffusion  between  tetrahedral  sites  is  narrowest.  In  Section  2,  the 
method  and  parameters  of  the  calculation  are  described  in  greater  detail  and  in  Section  3,  the  results 
are  discussed  for  each  defect. 


2..  Setup 

For  the  defect  calculation,  we  employ  a  64-atom,  cubic  supercell  which  has  a  side  length  of  twice  the 
lattice  constant  of  the  bulk  material,  and  we  add  one  atom  for  interstitials,  or  remove  one  atom  for 
vacancies.  Interstitials  are  placed  in  one  of  the  two  tetrahedral  positions:  one  on  the  alternate  Cd 
sublattice,  with  Te  nearest  neighbors,  and  the  other  on  the  alternate  Te  sublattice,  with  Cd  nearest 
neighbors,  or  in  the  hexagonal  position.  In  a  tetrahedral  position,  the  interstitial  has  four  nearest 
neighbors  arranged  at  the  vertices  of  a  tetrahedron,  six  second  nearest  neighbors,  and  twelve  third 
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nearest  neighbors.  The  hexagonal  interstitial  has  six  nearest  neighbors,  three  Cd  and  three  Te,  which 
form  a  puckered  hexagonal  ring,  eight  second  nearest  neighbors,  and  six  third  nearest  neighbors. 

In  order  to  maximize  the  transferability  of  parameters  between  the  bulk  and  the  various  defect 
environments  described  above  we  use  5s,  5p,  and  4d  Slater  orbitals  as  basis  states  for  the  tight- 
binding  ctdculation.  The  Slater  orbitals  are  of  the  form 

inim{r,0,<l>)  =  (1) 

where  Oo  is  the  Bohr  radius,  N  is  the  normalization  factor,  and  Yim  is  a  spherical  harmonic.  For  Cd 
5s,  5p,  and  4d  orbitals  p  =  1.638,  1.412,  and  3.969,  respectively,  and  for  Te  5s,  5p,  and  44  orbitals 
p  =  2.506,  2.158,  and  4.9906,  respectively,  as  determined  in  Hartree-Fock  calculations  by  dementi 
and  Roetti  [3].  We  interpolated  the  value  for  the  Cd  p  state  from  the  available  Cd  data. 

Since  the  tight-binding  basis  states  constructed  in  this  manner  are  not  orthogonal,  the  overlap  matrix 
is  not  the  identity  matrix.  In  this  case  the  eigenvalues  are  determined  by  the  relation 

=  ESt,  (2) 

where  5  is  the  overlap  matrix  of  tne  tight-binding  .'tates  and  H  is  the  Hamiltonian  of  the  system..  The 
overlap  integrals  of  the  atomic  states  are  calculated  analytically,  in  order  to  reduce  computational 
intensity,  using  a  method  outlined  by  Mulliken  et  a/. [4]. 

We  assume  that  the  distance  dependence  of  the  interactions  between  pairs  of  orbitals  is  the  same  as 
that  of  the  overlap  between  those  two  orbitals.  This  means  that  there  are  a  maximum  of  sixteen  free 
parameters  in  our  band  structure,  six  for  the  on-site  energies  and  the  remaining  ten  for  the  hopping 
interactions.  The  hopping  interaction  h  between  orbital  I  on  one  atom  and  orbital  t'  on  a  neighboring 
atom  participating  in  a  bond  of  symmetry  m  is  given  by  the  relation  hwm  =  MwmSu’m^  where 
Su’m  is  the  overlap  and  M«<n,  is  a  multiplier  which  we  adjust  to  produce  the  best  band  structure. 
Interactions  are  included  to  a  distance  of  85%  of  a  latfice  spacing,  which  means  that  up  to  third- 
nearest  neighbors  are  included..  The  sixteen  parameters  are  determined  through  fitting  to  spin-orbit 
averaged  band  structures  of  Chelikowshy  and  Cohen  [5].  We  fit  the  sp^  and  sp^d^  bases  separately 
and  the  results  of  these  fits  are  presented  in  Table  1..  The  zero  of  energy  for  each  set  of  parameters 
is  arbitrary.  Note  that  the  anion  d  on-site  energy  has  been  arbitraily  set  to  -500,  to  '•emove  these 
orbitals  from  the  calculation. 


Table  1 .  On- 

-site  energies  and  hopping  integral  multipliers  in  eV. 

parameter 

sp-only 

spd 

anion-s 

-li.OOO 

-9.842 

anion-p 

-0.976 

-1.026 

on-site 

anion-d 

-600.000 

energies 

cation-8 

-6.800 

-6.670 

cation-p 

-1.826 

-1.876 

cation-d 

-10.000 

ss-sigma 

-14.764 

-14.000 

sp-sigma 

-9.886 

-9.916 

pp-sigma 

-3.390 

-3.712 

pp-pi 

-1.699 

-1.802 

hopping 

sd-sigma 

-32.633 

multipliers 

pd-sigma 

45.316 

pd-pi 

34.032 

dd-sigma 

-2.031 

dd-pi 

-6.860 

dd-delta 

-0.013 
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In  Fig.  1  we  plot  the  band  structure  for  the  sp  basis  and  in  Fig.  2  we  plot  the  same  for  the  spd  fit. 
In  general,  the  results  look  quite  similar,  except  for  the  addition  of  &  d  band  at  approximately  the 
experimental  energy,  10.5  eV  below  the  valence  band  maximum  [6].  However,  a  close  examination  of 
the  top  of  the  valence  band  reveals  that  the  band  is  too  flat  for  the  sp  case  in  comparison  to  the  spd 
basis  because  of  the  requirement  that  the  conduction  bands  had  to  be  reproduced  reasonably  well. 
When  the  d  orbitals  are  included,  we  obtain  a  better  overall  fit  of  the  bands  because  p-d  repulsion 
causes  the  valence  band  maximum  (VBM)  lo  be  pushed  up  in  energy.  Since  the  VBM  is  not  pushed 
up  by  p-d  repulsion  in  the  sp  fit,  the  total  width  of  the  valence  band  at  the  F  point  is  adjusted  by 
lowering  the  anion  s  on-site  energy,  which  lowers  the  energy  of  the  bottom  of  the  valence  band. 

Charge  transfer  in  the  bulk  is  taken  into  account  through  the  fitting.  For  the  defect,  we  have 
previously  seen  that  there  are  small  deviations  (<  0.2  electrons  on  the  interstitial  itself)  from  the 
electronic  occupancy  in  the  bulk  for  various  interstititial  defects  [7],  so  additional  corrections  due  to 
charge  transfer  have  not  been  included  in  these  defect  calculations.  In  the  following,  we  reference  all 
energies  to  the  bulk  VBM. 


3.  Results 

For  defects  with  tetrahedral  symmetry,  as  well  as  for  bulk  states  at  the  F  point,  inclusion  of  d  orbitals 
in  the  basis  for  the  valence  band  adds  states  of  T2  and  E  symmetry  to  the  A\  and  T2  states  derived 
from  ''‘PS  and  p  orbitals.  For  hexagonal  interstitials,  inclusion  of  the  d  orbitals  adds  states  of  A 
and  E  symmetry.  The  new  d-derived  states  can  interact  with  s-  and  p-derived  states  of  the  same 
symmetry  representation,  in  the  same  way  at  the  Tj  (or  Fis)  bulk  states  derived  from  p  and  d  orbitals 
at  the  F  point  interact. 

In  general,  we  find  that  the  tight-binding  calculations  using  either  an  so®  basis  or  an  sp®d®  basis 
to  fit  the  band  structure  produce  similar  deep  defect  levels  and  electrical  behavior  for  the  defects 
considered..  The  largest  differences  between  the  sp  and  spd  descriptions  of  defects  with  tetrahedral 
symtnetry  occur  for  defects  involving  addition  or  removal  of  Cd  atoms,  which  have  a  d  shell  close  in 
energy  to  the  Vcilence  band. 

Tetrahedral  tellurium  interstitials: 

The  defect  states  for  the  tetradedral  Te  interstitial  between  Te  involve  the  interaction  of  the  Te 
int  irstitial  orbitals  with  the  bonding  hybrids  on  its  Te  neighbors.  The  effects  of  the  Cd  d  orbitals 
on  the  defect  states  are  due  to  smaller  interactions  with  more  distant  neighbors.  Since  neither  the 
interstitial  nor  its  nearest  neighbors  have  a  d  shell  close  in  energy  to  the  VBM,  we  might  expect  the 
energy  of  the  localized  states  for  this  defect  to  be  unaffected  by  the  inclusion  of  the  d  orbitals.  When 
the  d  orbitals  are  included,  pushing  up  the  energy  of  the  VBM,  we  might  then  expect  an  overeill 
downward  shift  of  the  defect  levels,  measured  relative  to  the  valence  band.  In  fact,  we  do  find  that 
both  the  Ai  level  and  the  T2  level  in  the  gap  are  about  0.5  eV  lower  in  the  spd  description  than  in 
the  sp  description.  In  the  spd  calculation  the  Ai  level  is  nearly  resonant  with  the  VBM  and  the  T2 
level,  which  has  six  states  occupied  with  4  electrons  for  a  neutral  defect,  occurs  at  1.0  eV  above  the 
VBM. 

Theoretical  calculations  [8,  9]  predict  that  the  preferred  tetrahedral  position  for  Te  interstitials  is 
between  Cd.,  The  Te  interstitial  between  Cd  has  a  T2  level  with  six  states  occupied  by  four  electrons 
at  about  1.1  eV  in  both  the  sp  and  spd  calculations.  This  interstitial  also  has  an  Ai  level  at  0.3  eV 
above  the  VBM  in  the  sp  description  and  an  A\  resonance  at  about  0.3  eV  below  the  VBM  in  the 
spd  description.  We  may  interpret  the  apparent  downward  shift  of  the  A\  level,  measured  relative 
to  the  VBM,  as  resulting  from  the  p-d  repulsion  pushing  up  both  the  VBM  and  the  T2  defect  level 
when  d-orbitals  are  included. 

Hexagonal  interstitials: 

A  more  complicated  situation  occurs  for  hexagonal  interstitials,  due  to  their  lower  symmetry.  For 
these  interstitials,  A  levels  derived  from  the  s  orbitals  on  the  interstitial  can  mix  with  A  levels  derived 
from  the  p  and  d  orbitals,  whereas  for  defects  with  tetrahedral  symmetry,  as  for  bulk  states  at  the  F 
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point,  only  interactions  between  p-  and  d-derived  states  can  occur. 

For  the  hexagonal  Te  interstitial,  we  observe  an  E  level,  with  four  states  occupied  by  two  electrons, 
at  1.4  eV  above  the  VBM  in  the  sp  description  and  at  1.5  eV  in  the  spd  description.  Two  levels 
of  A  symmetry  appear  at  0.5  eV  and  0.9  eV  in  the  sp  calculation,  while  in  the  spd  calculation 
one  of  the  A  levels  has  moved  below  the  VBM  and  the  other  level  appears  at  0.5  eV.  As  for  the 
tetrahedral  Te  interstitials,  the  level  shifts  resulting  from  the  contribution  of  the  d  orbitals  to  the 
bonding  around  the  hexagonal  Te  interstitial  do  not  change  its  basic  electrical  behavior.  The  partially 
occupied  levels  observed  in  the  midgap  region  for  neutral  Te  interstitials  in  the  hexagonal  and  both 
tetrahedral  positions  suggest  that  simple  migration  (without  a  change  in  charge  state)  of  the  neutral 
Te  interstitial  along  the  tetrahedral-hexagonal-tetrahedral  path  may  be  energetically  favorable.  This 
migration  would  be  consistent  with  the  interpretation  of  experimentally  observed  Te  self-diffusion 
behavior  as  resulting  from  a  rapidly  diffusing  neutral  Te  interstitial  [10,  11]. 

For  the  Cd  interstitial  in  the  hexagonal  position,  we  see  unoccupied  A  and  E  levels  and  a  doubly 
occupied  A  level  at  1.7  eV,  1.3  eV,  and  0.4  eV,  respectively,  in  the  sp  calculation.  When  d  orbitals 
are  included,  the  E  level  shifts  upward  by  0.4  eV,  both  A  levels  remain  unshifted,  and  a  new  E 
level  or  resonance  appears  close  to  the  VBM.  Il  ue  to  the  finite  size  of  the  supercell,  this  new  E  level 
appears  to  interact  with  the  bulk  E  state  at  the  VBM,  and  the  resulting  level  repulsion  leads  to  one 
state  at  0.2  eV  and  the  second  at  -0.3  eV..  The  properties  of  the  hexagonal  Cd  interstitial  may  not 
be  as  interesting  from  a  practiced  standpoint  as  the  properties  of  the  hexagonal  Te  interstitial,  since 
both  theoretical  calculations  [8]  and  experimental  work  [12]  indicate  that  simple  interstitial  diffusion 
down  the  tetrahedral- hexagonal- tetrahedral  channels  in  the  lattice  is  not  favored  for  Cd. 

Tetrahedral  cadmium  interstitials: 

High  temperature  conductivity  in  Cd-rich  CdTe  is  dominated  by  double  donor  native  defects  with 
donor  levels  about  0.2  eV  or  less  below  the  conduction  band,  which  are  postulated  to  be  Cd  intersti¬ 
tials  [13,  14).  In  the  sp  description,  the  tetrahedral  Cd  interstitial  between  Te  has  a  T2  deep  level  in 
the  gap  at  1.6  eV,  with  two  electrons  occupying  its  six  states,  and  an  Ai  level  at  1.8  eV.  The  level 
is  pushed  up  by  0.2  eV  when  the  d  states  are  included  in  the  calculation;  leaving  the  last  two  electrons 
in  the  Aj  level  which  remains  at  1.8  eV  (lower  than  the  T2  level  by  0.02  eV).  The  spd  description  of 
this  interstitial  is  therefore  consistent  with  the  experimental  characterization  of  the  shallow  donor  na¬ 
tive  defects  seen  in  high  temperature  electrical  measurements  on  Cd-rich  CdTe.  Earlier  tight-binding 
calculations  suggest  that  the  preferred  tetrahedral  position  for  the  Cd  interstitial  is  between  Te  [8], 
although  subsequent  linear  muffin  tin  orbital  calculations  using  the  atomic  spheres  approximation 
(LMTO-ASA)  suggest  that  the  preferred  tetrahedral  position  for  Cd  interstitals  is  between  Cd  [9]. 

The  tetrahedral  Cd  interstitial  between  Cd  has  a  Tj  level,  occupied  by  two  electrons  for  the  neutral 
interstitiid,  at  1.2  eV  and  an  Ai  level  at  1.5  eV  in  the  sp  description.  When  d  orbitals  are  included, 
the  T2  level  is  pushed  up  by  0.6  eV,  so  that  the  last  two  electrons  fall  to  occupy  the  Aj  level,  which 
has  remained  relatively  constant,  at  1.4  eV.  The  large  magnitude  of  the  Tj  level  shift  results  from  the 
strong  p  d  repulsion  which  raises  the  energy  of  the  localized  defect  state  formed  from  the  p  orbitals 
on  the  Cd  interstitial  and  the  bonding  hybrids  on  its  Cd  nearest  neighbors,  since  all  of  these  atoms 
have  excess  Cd  nearest  neighbors,  each  of  which  has  interacting  d  orbitals. 

Vacancies; 

The  Te  vacancy  has  a  single  level  of  Tj  symmetry  in  the  gap  which  is  completely  unoccupied  for  the 
neutral  vacancy,  above  a  completely  filled  valence  band.  In  the  spd  description,  this  level  is  roughly 
resonant  with  the  VBM,  however,  due  to  the  finite  size  of  the  supercell,  it  mixes  with  the  VBM 
bulk  state,  and  is  pushed  up  to  0.2eV,  while  the  VBM  state  is  pushed  down  to  -0.2  eV.  In  the  sp 
description,  the  T2  defect  level  is  at  0.5  eV.  Since  the  localized  defect  states  of  the  Te  vacancy  are 
created  from  dangling  bonds  on  the  neighboring  Cd  atoms,  while  the  Cd  d  orbitals  mainly  affect  the 
energies  of  the  bonding  hybrids  on  the  Te  atoms  in  the  lattice,  the  energy  of  these  localized  states  is 
largely  unaffected  by  the  addition  of  Cd  d  orbitals  in  the  valence  band.  Therefore,  we  may  interpret 
the  downward  shift  of  the  localized  vacancy  level,  measured  from  the  VBM,  when  d  orbitals  are 
included,  as  being  due  to  the  upward  shift  of  the  VBM. 
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The  localized  states  of  the  Cd  vacancy  are  created  from  dangling  bonds  on  the  neighboring  Te  atoms. 
When  the  Cd  has  been  removed,  the  p-d  repulsion  felt  by  the  bonding  hybrids  on  the  Te  neighbors  is 
reduced,  allowing  the  localized  Ti  defect  levels  formed  from  these  hybrids  to  fall  in  energy  relative  to 
the  VBM  in  the  spd  description.  Therefore,  while  the  Cd  vacancy  has  a  T2  level  at  0.5  eV  in  the  sp 
description,  with  four  electrons  occupying  its  six  states,  in  the  spd  description  this  partially  occupied 
level  has  fallen  below  the  VBM,  and  two  additional  T2  levels  have  moved  out  of  the  conduction  band, 
to  sit  just  above  and  Just  below  1.5  eV.  Although  experimental  identification  of  isolated  vacancy 
levels  is  difficult,  the  shallow  double  acceptor  levels  of  the  Cd  interstitial  resulting  from  the  full  spd 
calculation  are  consistent  with  several  experimental  identifications  of  Cd  vacancy  levels  [13,  15]. 
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Abstract 

For  the  II-VI  semiconductors  CdS,  ZnS,  and  CdTe  the  state  of  Li  atoms  was  investigated 
using  the  donor  ”*In  as  radioactive  probe  atom  for  perturbed  angular  correlation  (PAC) 
experiments.  From  the  absence  of  ln|^''-Li^'  pairing  and  the  simultaneous  formation  of 
pairs  which  was  observed  in  all  the.se  .semiconductors  it  is  concluded  that  Li  is 
incorporated  rather  interstitially  as  Lij^  accompanied  by  a  vacancy  V,^"  than  substitutionally 
on  the  group  II  site  as  an  acceptor  Li|^'.; 

1.  Introduction 

Detailed  information  on  the  atomic  configuration  of  dopant  atoms  is  much  less  available  for 
II-VI  semiconductors  than  for  elemental  or  Ill-V  semiconductors.  But,  in  II-VI 
semiconductors  doping,  in  particular  p-doping,  poses  a  crucial  problem  because  of  the  strong 
interaction  of  the  dopant  atoms  with  intrinsic  defects  leading  to  self-compensation 
phenomena'.  Since  Li  introduced  on  the  group-II  site  is  regarded  as  a  promising  candidate  for 
p-doping  of  II-VI  semiconductors  we  have  begun  an  investigation  of  the  incorporation  of  Li 
into  II-VI  compounds  on  an  atomic  .scale.  Li  atoms  that  occupy  the  site  of  the  group  II 
element  and  act  as  an  acceptor  should  form  coulombic  bound  pairs  with  the  donors  that  are 
also  present  in  the  crystal.  Such  a  pairing  is  easily  detectable  by  the  perturbed  angular 
correlation  technique  (PAC)  using  the  radioactive  donor  "'in  as  a  probe  atom  as  has  been 
successfully  proven  for  Si,  Ge  and  several  III-V  .semiconductor.s^'^  In  contra.st,  PAC  studies  of 
defects  in  II-VI  semiconductors  are  just  at  their  beginning,  c.g.  in  '"in  doped  ZnO"*’^, 
CdTe^’’^,  and  CdS"''".  In  this  paper,  fir.st  results  on  a  comparative  study  of  the  behavior  of  Li 
in  CdS;  ZnS,  and  CdTe  will  be  presented. 

2.  Experimental  Details 

The  PAC  technique  employed  here  mea.surcs  the  defect  specific  electric  field  gradient  tensor 
(EFG)  which  at  a  particular  lattice  site  is  determined  by  the  local  electric  charge  distribution. 
Working  with  the  radioactive  probe  atom  "'in,  which  decays  with  a  half-life  of  2.8  days  to  its 
daughter  isotope  "'Cd  (.see  Fig.  1),  the  EFG  will  generate  three  frequencies  in  the  PAC 
time  spectrum  R(t)  which  can  be  described  by 

3 

R(t)  =  S„+  S„  cos(.0„t) 

n=  I 


(1) 
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n.  = 


This  spectrum  is  obtained  by  measuring  the 
coincidence  rate  of  the  two  y-rays  emitted  by  the 
excited  ’*^Cd  nucleus  as  a  function  of  the  time 
which  has  passed  during  the  detection  of  both  y- 
rays.  The  different  components  Vjj  of  the 
traceless  tensor  are  obtained  from  the 
frequencies  0)^.  The  largest  component  is 
usually  expressed  by  the  coupling  constant  = 
eOV, 


^Jh  where  O  is  the  nuclear  quadrupole 
moment  of  the  isomeric  ^*’Cd  state  ~  85 
ns)  used  for  the  detection  of  the  EFG.  As  a 
second  parameter  the  asymmetry  parameter  -n  = 
(V^-  V  )/V,^  is  used  (0  <  ^  1),  which  is 

deduced  from  the  measured  frequency  ratio 
0)2/0),  (Fig  1).  The  coefficients  and  depend 
correlation.  on  the  orientation  of  the  EFG  teasor  with  respect 

to  the  host  lattice,  i.e.  on  the  orientation  of  the  formed  ^’Mn-defect  complex;  in  addition,  the 
coefficients  depend  on  the  fraction  of  *'*ln  atoms  that  are  involved  in  this  complex.  A 
detailed  description  of  PAC  is  found  elsewhere^. 


Figure  1.  Nuclear  decay  schema  of  the  PAC  probe 
atom  .showing  the  3-dcc<iy  (electron 

capture)  and  the  subsequent  emission  of  the  two  y 
rays  used  for  the  measurement  of  the  yy  angular 


For  the  PAC  experiments  single  crystals  were  cut  into  pieces  of  typically  5  to  10  mm-^  size  and 
were  diffused  inside  of  an  evacuated  quartz  ampoule  with  about  10  to  20  p.Ci  *’Mn  from  a 
carrier  free  *^’lnCl3  solution.  Into  CdS  (Eagle  Picher)  and  ZnS  (Eagle  Picher)  this  diffusion 
happened  under  $2  overpressure  at  1073  K  for  90  min.;  into  CdTc  (R.  Triboulet,  CNRS, 
•Vleudon)  the  diffusion  happened  under  Cd  overpre.ssute  at  1023  K  for  90  min.  The  PAC 
spectra  were  recorded  at  295  K  using  a  4  detector  set-up. 


3.  Experimental  Results 

For  the  II-VI  semiconductors  CdS,  ZnS,  and  CdTe  Fig.  2  shows  the  PAC  time  spectra  along 
with  their  Fourier  transforms  that  were  obtained  after  diffusion  of  the  re.spective 
semiconductor  with  Li.  In  all  three  cases,  the  absence  of  a  Li  .specific  EFG  shows  that  "Mn^- 
Lr  pairs  were  not  formed  in  tho.se  compounds  but  rather  In|y,*'V,^^"  complexes  consisting  of 
the  radioactive  donor  ”'lnjy,^  and  the  acceptor  vacancy'  Vm".  both  being  situated  in  the 

Table  I.  -Site  specific  EFfis  observed  al  the  pnibe  ’  *  *ln/*  *  *Cd  at  2U.S  K  after  Li  diffusion.  LLsted  arc  the  strength 
V  and  the  asymmetry  parameter  of  the  EFO  tcn.sor. 


CRYSTAL 

(V,.,Vyy)/V„ 

COMPLEX 

CdS 

72.4(2)  .Ml  b 

035(2) 

''’Cii'^cubl 
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78  7(2)  .Ml  tr 

0.21(2) 

ZnS 
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0.1i>(4j 

cure 
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sublattice  of  the  metallic  group  II  element  Cd  or  Zn.  The  identical  complexes,  as  recognized 
by  the  identical  EFGs,  are  formed  -  only  less  pronounced  -  during  diffusion  of  these  II-VI 
compounds  with  the  radioactive  ’^’in  probe  atoms. 
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Figure  2.  FAC  time  .spccira  and  Ihoir  a.ss(Kia(cd  Fourier  lran.srorm.s  measured  after  Li  diffusion.  The 
corrc.sponding  values  of  (he  different  EFCis  are  tested  in  Table  I. 


CdS  :  The  *’*In  doped  crystals  were  diffused  with  Li  at  793  K  (30  min.).  A  least-.squarc.s  fit  to 
the  measured  PAC  time  spectrum  (Fig.  2,  top)  yields  that  two  different  EFGs  what  is  also 
visible  by  the  two  frequencies  triplets  in  the  associated  Fourier  transform.  Their  coupling 
constants  Vq  along  with  the  respective  asymmetry  parameters  ti  are  listed  in  Table  I.  Both 
EFGs  are  already  known  to  be  caused  by  the  trapping  of  Cd  vacancie.s^’*® 


ZnS:  The  '*'ln  doped  crystals  were  diffused  with  Li  at  793  K  (30  min.).  The  least-.squares  fit 
to  the  P.AC  spectrum  (Fig.  2,  middle)  yields  a  single  EFG  that  is  characterized  by  Vq  =  81.5 
MHz  and  ti  =  0.16.  The  identical  EFG  is  also  found  directly  after  the  diffusion  of  "*In  into 
the  ZnS  crystal;  only  the  fraction  of  the  ••*In-defect  complexes  was  again  increa.sed  by  the 
presence  of  Li. 


The  influence  of  the  Li-diffusion  temperature  on  the  fraction  of  the  formed  In-defect 
complexes  shows  Fig.  3  (left  panel);  here,  the  diffusion  time  was  always  30  min..  In  order  to 
separate  the  effects  caused  by  the  prc.sence  of  Li  from  possible  modification  of  the  crystal 
solely  caused  by  the  respective  diffusion  temperature,  a  second  ZnS  crystals  was  identically 
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treated,  however,  withoutLi.  The  first  data  point  results  from  the  doping  of  the  crystals  with 
at  1073  K.  It  is  evident  that  there  is  no  influence  of  Li  on  the  In-dcfect  fraction  below 
580  K.  Above  this  temperalure.however,  Li  seems  to  diffuse  into  ZnS  thereby  stabilizing  and 
enhancing  the  In-defect  fraction  considerably  as  compared  to  the  ZnS  crystal  that  was  heated 
to  the  same  temperatures  without  Li. 


FifUir  3.  Influence  «f  the  diffusion  temperature  of  Li  on  the  fraction  of  In|^  ^  ’  pair*  observed  at  29.S  K. 

CdTe:  After  diffusion  of  an  '*’ln  doped  cry.stal  with  Li  at  720  K  (30  min.)  the  PAC  spectrum 
shown  in  Fig.  2  (bottom)  again  reveals  no  Li  specific  EFG.  For  the  observed  EFG  that  is 
characterized  bv  v,.  =  60.0  MHz  and  -rt  =  O.IO  is  well-known  from  previt)us  PAC 
experiments  and  has  been  identified  as  the  pair’’'. 

As  for  ZnS,  the  influence  of  the  Li  diffusion  temperature  trn  the  formatittn  of  the 
pairs  was  investigated  (Fig.  3,  right  panel).  Whereas  temperatures  up  to  820  K  are  not  able  to 
produce  any  pairs  in  CdTe  the  presence  of  Li  gives  rise  tr)  ;i  very  pronounced 

incrca.se  in  the  pair  fraction  at  720  K.  The  strong  dccrca.se  of  the  formed  complexes  above  this 
temperature  can  be  explained  by  a  i<m>  small  binding  energy  of  the  pairs. 


4.  Uiscussion 

For  CdS,  ZnS  and  CdTe  the  P.\C  results  show: 

i)  Because  no  donor-acceptor  pairing  of  the  type  In|^|*-Li,^i'  is  ob.scrvable  Li  doping  docs  not 
lead  to  a  measurable  population  of  the  Li^^  acceptor  states  at  the  respective  diffusion 
temperatures. 

ii)  Li  doping  enhances  the  concentration  of  acceptor  vacancies  Vm"  what  becomes  visible 

through  the  enhanced  formation  of  pains.  A  detailed  identification  of  this  complex 

has  been  performed  for  CdS'^'”*  as  well  as  in  CdTc^’’^.  The  similar  EFGs  observed  for  the  In¬ 
defect  complexes  in  the  three  II-VI  compounds  (sec  Table  I)  ;ls  well  as  the  similar  formation 
conditions  represent  a  .strong  hint  that  also  the  complex  in  ZnS  is  caused  by  a  trapped  Vy" 
defect  and,  therefore,  corresponds  to  an  In^n  *-V2„--pair. 

From  thc.se  results  it  is  concluded  that  the  incorporation  of  Li  is  governed  by  the  rciiction 


Materials  Science  Forum  vols.  33-87 


1263 


(2)  L'm'  =  Li/  +  V^,-- 

which,  at  least  at  the  time  of  Li  diffusion,  is  strongly  shifted  to  the  right  hand  site  resulting  in 
the  formation  of  interstitial  Li/  and  a  vacancy  V|^";  this  complex  still  acts  as  a  single 
acceptor  and  ,  therefore,  can  produce  p-conductivity  in  a  II-VI  crystal.  Since  both  elements.  In 
and  Li,  form  donor  states  it  i.s  easily  understandable  that  no  In-Li  pairing  occurs,  and  since  the 
introduction  of  Li  is  accompanied  by  the  formation  of  a  vacancy  an  enhancement  of  loj^^''^- 
Vj^"  pairs  has  to  occur,  as  well. 

For  Li  in  ZnSe  also  Sa.saki  and  Oguchi  ba.sed  on  density-functional  calculations  arrived  at  the 
conclusion  that  the  acceptor  Li^^  is  uastable  against  disintegration  into  a  vacancy  and 
interstitial  Lij*'.  On  the  other  hand,  the  formation  of  Lij  donors  in  CdS  contradicts 
photoiumine.sccnce  experiments  by  Henry  et  al.  which  claim  the  formation  of  Li^^j  states  in 
the  CdS  lattice'^'*-^.  It  should  be  noted  that  the  behavior  of  Li  observed  by  PAC  is  common  to 
all,  here  investigated  II-VI  compounds  in  spite  of  their  different  band  gap  energies  and 
bonding  characters,  and,  second,  that  the  .states  of  both  the  donor  In  and  the  acceptor  Li  are 
affected  by  the  same  intrinsic  defect,  the  metallic  vacancy  V|^j. 


Figure  4.  Alomislic  model  of  CiLS  .showing  (he  iwo  different  complexes  associated  with  the  two 

different  EFfis  (see  T.ible  I). 

The  fact  that  for  CdS  two  different  EFGs  are  tibserved  (see  Table  I)  which  both  belong  to  the 
^’’cd^’^cd  easily  explainable  on  the  ba.sis  of  the  hexagonal  lattice  .structure  of  CdS: 

The  distances  between  In^^.^  and  are  slightly  different  if  the  trapped  vacancy  resides 
above/below  or  inside  of  the  basal  plane  of  the  hexagonal  lattice  (see  Fig.  4).  This  effect  is 
strongly  reduced  for  the  ZnS  lattice  because  its  c/a  ratio  of  1.6368  is  clcxscr  to  the  ideal  ratio 
of  c/a  =  1.6330,  at  which  both  distances  become  equal,  than  the  ratio  c/a  =  1.6238  of  CdS;  in 
the  cubic  lattice  of  CdTc  the  respective  distances  arc  obviously  identical.  Consequently,  ftir 
ZnS  and  CdTc  only  a  single  EFG  characterizes  the  In|^/-V|^,"  pairs. 

The  data  in  Fig.  3  clearly  illustrate  that  a  minimum  temperature  is  required  for  the 
observation  of  the  Li  induced  increa.se  in  the  fraction  of  lncd*‘^Cd  ^  his  temperature 

is  about  580  K  and  720  K  for  ZnS  and  CdTc,  respectively,  and  might  be  indicative  for  the 
onset  of  the  diffusivity  of  Li  atoms  in  thc.se  compounds  on  a  p.m  scale.  Further  studies. 
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however,  are  necessary  in  order  to  understand  this  correlation  more  quantitatively,  as  well  as 
the  influence  of  the  higher  diffusion  temperatures  on  the  observed  pair  fractions. 

Information  o.i  complexes  formed  between  a  group  III  donor  and  a  metallic  vacancy  cun  also 
be  obtained  from  electron  spin  resonance  b(ESR)  experiments.  Up  to  now,  this  information  is 
only  available  for  ZnS  where  the  formation  of  ^in'^T.n  S'J-called  A- 

center.s,  has  been  reported*'*,  whereas  for  Cd.S  and  CdTe  similar  information  is  not  available. 
Like  the  EFG  tensor  in  the  PAC  experiment  al.so  the  corresponding  g  ten.sor,  characterizing 
these  pairs  in  the  ESR  experiment,  is  not  axially  symmetric. 
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ABSTRACT 


A  specific  structure  which  contains  inetastable  centers  is  found  on 
(0001)  plane  of  CdS,  CdSe,  CdSSe  crystals.  Tlie  structure  does  not 
take  place  on  freshly  cleaved  surface  and  arises  gradually  when 
c'l  ystal  Is  kept  f  ter  cltjavage  in  the  air  or  inert  gas.  Metastable 
centers  are  shown  to  be  m  thin  {^'lOOA)  layer-  near  (0001)  plane 
surface.  In  tlie  metastable  state  tliey  are  shallow  donors.  The 
tseitjht  of  the  harrier  separating  tire  metastable  state  from  the 
yroui-rd  one  is  0 . O^ioV .  1  he  distinctive  feature  of  tlrese  centers  is 
that  their  transition  into  metastable  state  is  induced  by 
temperatur-e  decrease  ,  which  results  in  sharp  rise  of  (0001)  plane 
conductivity  under  corjling  in  300-77K  temperature  range.  The 

18  —3 

donoity  of  shallow  donors  at  77K  reaches  "^lO  cm  .  It  is  supposed 
that  lattice  rearrangement  which  results  in  creation  of  shallow 
donors  is  stimulated  by  pyroelectric  field  and/or  mechanical 
stresses  ur-ising  under  cooling. 


I . Introduction 

Metastable  centers  erscilo  great  interest  and  are  now  investigated 
intensively  (see,  for  example,  Cl-33/.-  Defects  which  can  transfer 
from  the  ground  state  into  the  metastable  one  under  illumination, 
carrier  injection  or  external  pressure  have  been  observed  in  a 
number  of  semiconductors  (Si  C43,  InSb  C53,  ZnCdTe:Cl  C63,,  CdF2 

C73,  AlGaAs  rS3,  etc.).  In  many  cases  .such  defects  act  in 
metastable  state  as  shallcvi  donors,  so  their  transition  in  this 
state  results  in  considerable  rise  of  conductivity  CS-83.  Recently 
we  have  found  similar  defects  in  hexagonal  II'-VI  semiconductors. 
The  distinctive  feature  of  these  defects,  however,  is  that  their 
tra.nsi tion  into  the  metastable  state  is  induced  by  the  temperature 
decrease. 

Earlier  a  bicarre  effect  was  observed  by  us  on  (0001)  plane  of 
CdS,  wdSe  and  CdSSe  single  crystals,  namely,  a  sharp  increase  of 
conductivity  under  cooling  C93.  Detailed  investigations  described 
below  have  led  us  to  the  conclusion  that  it  is  creation  of  shallow 
donors  in  thin  layer  near  (0001)  plane  surface  that  is  responsible 
for  the  anomalou,'.  tumpe."atur;>  ifepundisnce  of  conductivity.  It  have 
Leen  shown  alscf'  tha.t  metastable  centers  in  near  surface  layer  of 
(rOCl)  plane  aro;  absent  initially  and  arise  graduallv'  after 
crystal  cleavage. 
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1 1 .  Exper'i  metiie.«l 

8 

Undoptd  highly  stive  Oc.m) 

single  crystals  obtained  through 
sublimation  CIO!  were  used.  Samples  were  cut 
ot-f  from  the  boule  and  then  cleft  as  shown  ^ 
in  fig. la.  Cadmium  <0001)  and  sulfur  (0001) 
planes  were  identified  by  means  nf  cStemical 
etching  Cill.  Ohmic  indium  contacts  were 
melted  eittier  after  cleavage  on  basal  planet, 
or  before  cleavage  on  ptinniaiic  planes 
(fig. lb).  The  latter  fashion  was  used  when 
characteristics  of  freshly  cleaved  surface 
were  investigated. 


1 1 1. Resul  ts 

It  have  been  found  that  when  highly 
resistive  CdS  crystal  is  cooled  frtt(i-  4(io  to 
77K  in  dark  the  dark  current  through  (Cd) 

plane  at  first  decreases  with  activation 
enegy  0.5-0. 7  eV,  but  at  320-300K  begins  to 
rise  rapidly  (fvg.lc).  At.  77K  this 

4  6 

"anomalous*'  current  J  proves  t.o  be  10  -10 

a  ' 

times  grater-  tlian  at  300K,  the  more  fast  tlin 
cooling  the  grater  The  rise  of  is 

accompanied  wj.tli  photosensitivity  increasG 

and  appearance  of  persistent 

photoconductivity  (PPC) . Heati ny  results  in  shar  p  drop  of  il^,  sc  at 

any  temperature  ir.  tiie  100~300K  range  the  current  MHusured  under 
heating  is  much  lower-  th«n  that  measitied  under  cool  i  tig 
(f  ig.  Ic) . Wlien  tliB  ‘-.ample  is  hoated  to  ’'’lOOk'  and  then  cooled  .igain, 
prov€»s  to  be  considerably  lower  Ilian  after  direct  cooliny  from 

400K.  Initial  value  can  be  restored  by  heating  to  300-400K  and 

subsequent  cooling.  The  dimittution  and  following  restoration  of  J.^ 

can  be  made  matsy'  times,  the  results  being  well  reproduci  bl  e.  As 
was  mentioned  above,  could  be  also  regulated  by  the  change  of 

cooling  rate.  Thus,  we  can  control  "anomalous"  conductivity  and 
investigate  (Cd)  plane  characteristic's  at  various  .7^  values.  The 

maximum  value  of  J  has  been  obtained  by  quiet  cooling 

if 

Sdegree/s)  from  400K.  Photosensitivity  and  PPC  values 
c;orreiate  with  one.  When  after  preliminary  cooling  from  400I-. 

the  sample  is  kept  at  the  constant  teu-peralure  T^,  the  relaxation 

of  J  is  observed.  The  highs'r  T  the  greater  relaxation  rate  V 

(fig. 2a).  The  value  of  activation  energy  of  this  relaxation 
process  obtained  from  IgVCl/T^, )  dspeiidence  was  found  to  be  O.OSeV 


T.K 

Fig.l.a.  Scheme  of 
t:r  ystal  ..loavage. 

b.  Appear anue  of 

mounted  samples. 

c.  Temperatur e  de¬ 
pendence  of  tiar  k 

current  on  (Cd) 

plane  under  cooling 
( . >  and  under  hea¬ 
ting  (x ) . 
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(fig.2b>.  Relasied  current  can  be  restored  again  by 
300 -ACOK. 

Hall  ef-fect;  mt ai-uremei'iis  show  that  J  rise  under  crDoliny 


cooling  -from 


drop  under  heating  or  relaxation  are  due  to 
eler.Vr.iii  density.  The  mobility  of 
"anomalous"  electrons  at  77K  proves  tu  be 


change 


and 

of 


i  ts 
Tree 


tsbout  lOcm^/Us 


and  sur  fairs  elor.ti  on 
11  1 

10  --10  cm  - 

Photo  Hoi  1  effect  under  illumination  with"* 


deni-.it>  at  .1  reaches 

a 

Photo  Hoi  1  effect  under  il 
intrinsic  light  (X=490nm) 


1  i  ght 
-5 


wtiich 


1  5 


ahsurbad  in  10  cm  near  surface  layer  have 
bseri  also  investiyaterj  mi  both  basal  as 
well  as  prisniol  is  planes.  Thf- 

phutoel ectron  mobility  Iras  been  found  to 
be  almost  tbs  same  and  reaches  about 

’0C:i.m"'/Vs  for  all  ol  ar.es. 
thiclcness  of  conductive  layer 

Ur^cr.. 


«  SO 
t  ,m1n 


Thus,  the 
is  less  than 


V(s-’) 


1 


teiiirer  atui  t  range  J  teducei 


i.ui>liir  cocilii.g 
subsequent  heating 


id  rei^lores  after 

(f ig. Ic) .The  plot  of 
the  sti  aigl.L  line 


1  u.T  (1/T)  fui'u, tiiji'i  is 
^  a 

which  ^lope  depends  on  "anomalous" 
conductivity  value  at  77K.  At  J 


a 


activat.ion  energy  obtained  from  this  slope 


E  =0.035eV.  The  increase  of 

iA 

the  decrease  of  £  and 

el 


resul ts 


decrease  of  E_  and  at 
SO.OOSeV.  By  the  other  words,  at 


J  -J' 
a  a 


in 

mail 


Fig . 2. 


a. Isothermal 


T<77K  relaxation  of 


at 


"anomalous"  conductivity  behi'ves  as 
"normal  "  dark  conductivity  does  C13,  Ml. 
I  ii"  Pnriwn  that  when  density  of 
ncncompensatisd  shallow  donors  N,  reaches 


various  temperatures 
after  cooling  of  the 
s.ample  from 
b. Temperature 


:>ii 


legenarati  o..  of  conduct!  vity  dence  of  J_ 


400K. 

depen- 

relaxa- 


‘4J.  It  IS  re?  a  aCJ.  .ab  1 ’/ 


■  ■:<!  fes  ,j1  tii.e  u  i 
tiiink  that  decreai-e  at  'T^:77V  is  due 


to 

tu 


Lion  I  ate. 


free:i;ing  of  "anomalous"  electrons  at  hydrpgenlike  donors. 


bulk 


'ar.CMi.alci'.  s"  electron  densit/  at  J  — J 


..max 


when 


Then 
is 
of 

^2 

ob  i' f  vwd  which  are  know.n  to  be  due  to  recombination  of 
excitons  bound  to  neutral  shallow  acceptors  and  neutral 
hytircigenliki.'  donors  corr aspondingly  C153 


a  a  ’  'd 

negligible,  is  about  10*‘’c:m  "'.Therefore,  the  thickness 
conductive  layer  is  about  lOOA. 

In  e>!c.iton  luminescence  spectra  of  (”d)and  (S)  planes 


I 


1 


and 


iiiCj  a.' 


g  ■  3  /  * 


The  ratio  of 
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these?  JifiBS  interisitiBS  W,  /W,  is 


considered  to  givt?  the  i. 
about  ratio  of  donor  to 


'I 


1 


ifonnati  on 
acceptor 


a(arb.un.) 

si 


den 
1  a 


;i  tie 


in 


he? 


ryst.d  subsurface 

yec  where  exciting  light  is  absorbed  W  8 
(10  cm)  C 16, 17.1.  It  have  been  found  [flrb.Un.) 
that  u  on  (Cd)  plane  of  the  certain 
sample  depends  on  J  value.  When  J  is 

*  100 

reduced  by  heating  of  the  sample  to 

T=100K,  <■<  is  decreased  too  (fig. .3b). 

It  is  necHSsat' y  to  note  that  <i  value 
on  (Cd)  piano  alw,5y'.  pi  .-ves  to  be 
es'-onti al  1  y  greater  thaii  tliat  on  (G)  50 
plane  of  the  same  cr>3tal  (fig..3.a). 

It  has  been  fcjuud  that  -tl t.-, 
described  above  do  not  take  place  on 
freshly  cleaved  surface.  When  the 
‘.ample  is  qui  cki  /  c-ioled  to  77M  at 
once  after  cleavage,  (0001)  plane  has 
immeasur abl /  small  dark  conducti vi ty 
and  low  pliotosansitivi  ty,  PPC  being 
■absent.  I-Inlding  of  ttie  sample  after 


4890 


4670  4650 

VfX) 


cleavage 
At  -20~30  tj 
nc.!.  iCb'nuJ.e 


at  300K  fot  a  lime  interval 
in  .appeal  v-ince  of 
mor  e  A*  !  he  gr  iv,;  tin’ 


.7 


the 


I  esul ts 
.]  .  The 

a 

1  attei 


Fig.  3.  a.  r,-. i.i  Li-jii  lumi  • 
nescence  ‘.-pewtra  on  (Cd) 
pl^rle  (solid  uur've)  and 
(S)  plane  (J-ished  .-urve) 
uf  the  saiiie  crystal.  b.D.-'- 


reaching  saturation  pandence  of 


a-Wv  'W. 


on 


value  at  At»20“.30  hours.  The  7^  viilue  on  (Cd)  plane. 

cleavage  of  the  crystal  and  its 
holding  at  300k'  was  carried  out  in  the  air 
as  well  as  in  helium  gas,  the  results  in  Ja(AT 


botl)  cases  being 
(fig.  4).  ■'■(le  rise 


practically  identical 


the 


tSfAperaturs 


hastens  J  saturation  process.*  at  400k’  t' 


latter  comes 


;  nc 


ise  of 


to  end 
with 


at 

At 


on 


'10“s. 
f r eshl y 

surface  is  accompanied  witf.  the 
of  pi  value  in  (Cd)  plane 
1  umi'ifi!j.;=incr';.  the  sa.-.it;  timo  o» 

plane  remains  unchanged. 


C  i  C.aVfio 

increase 
ex Cl  ton 
•on  (2) 


IV. Ci scussi on 


newn  that  TI-VI  hexagonal 
pyroel ectrics  C1S7.  Under 


It  is  well  i: 
compounds  are 

cooling  (0001)  plane  acquires  positive 
charge  C177,  and  so  creation  of  conductive 
layer  near  (0001)  plane  surface  may  first 
of  all  be  thought  to  cause  by  compensation 


2  6  10 
min 

Fig. 4. Dependehce  of 

on  time  after  crystal 
cleavages  1 “in  the  airj 
2--in  the  helium  gas. 
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uf  pyt  oel  ectr  ic  ^ield  wi  Lli  ury^fcal  elactcons;  Some  e:<perimental 
ial.i,  iiuv.e-ver ,  iionLr  adict  this  simple  electronic  model. 

i. IF  the  canducti .e  layer  js  due  to  compensation  of  pyroelectric 
ficdd,  the  same  effect  would  be  observed  on  (S)  plane  under 
heating.  In  reality,  however,  increase  of  <S)  plane  conductivity 
under  fieating  does  not  take  place. 

i i .  The  major  part  of  "anomalous"  electrons  .arises  in  _170-80K 

temperature  range  (fig. 2),  where  more  than  10* '^cm  aegree  free 
eleclrons  ar.-.'  .tdded  under  cooling.  At  the  same  time  CdS 
;•/(  oel^^tric  consti^ht  in  temperature  range  is  _ec|ual  to 

10  ljuuli.ml7/cm“d;'yrHe  .193,  and  so  •.inly  1.3*10°£.iii  -degree 
nl !..>i,.tr  ijiis  ..re  i  •  qnired  to  compensate  iiyroelectric  field. 

JiL.  Since  equi  1  i  br  i  uiii  .,el  eel  j  un  density  in  investigated 

.rystal  -,'  ivi  ver  y  low  at  300K) ,  electrons  required  for 

ii,rcelsi;hr)  r:  field  cnmperir.ati  cn  have  to  be  supplied  from  deep 
rental  n  by  either  thermal  generation  or  pyroelectric  field 
ioni. nation.  At  T<170K,  however,  thermal  ionisation  of  deep  centers 
is  negligible.  On  the  ottier  hand,  pyroelectric  field  arising  in 
CdS  crystal  after  cooling  from  300  to  77K  £^'^6*  lO^V/cm^  is  too 

week  to  iofijze  dehij  canters. 

i v.Clc-ctf  •nic  ni-ndel  is  not  be  able  to  explain  the  rise  of  «  with 
tlie  increa-se.  One  has  to  conclude,  therefore,  that  either 

-.(nation  uf  Is/dr-ogenl  i  donors  or  destruction  of  acceptors  takes 
placu  .111  (Cd*  plana. 

Tiia  former  seems  to  be  mor  e  probable,  because  it  is  difficult  to 
believe  that  initial  density. gf  dgnors  in  undoped  highly  resistive 
crystals  is  so  large  as  "'10*°cm  Another  argument  for  donor 
creation  is  that  mobility  of  electrons  behind  conductive  layer  is 
much  greater  than  that  of  "anomalous"  electrons.  Destruction  of 
acceptors  would  lead  to  the  increase  of  electron  mobility  in 

subsurface  layer.  At  the  same  time  creation  of  donors  have  to 

result  in  u  reduct ion. 
n 

So,  we  can  to  state  out  that  the  increase  of  conductivity  of 
^nOOl)  pi  vVie  oci  nr  .js.iE*  to  not  electronic,  but  ionic  process, 
name! >  ersation  of  hydrogenl i ke  donors  under  cooling. 

Highly  conductive  state  of  (0001)  plane  is  nonequilibrium 
(metastable)  one:  when  cooling  is  stopped  the  relaxation  into  the 
ground  tat.”  occurs,  j^ctivation  energy  of  this  process-  O.CSeV  is 
th.i?  hei.jht  of  the  barrier  separating  the  .metastable  state  from  the 
grnu.id  one.  Inttlre  >•  earr .•ir.g'^-..>Rnt  w*>jfh  rr-M-lt?  in  the  creation  of 
shallow  donors  may  be  supposed  to  be  induced  by  pyroelectric  field 
and/or  mechanical  stresses  which  arise  under  cooling. 

Thus,  investigations  described  above  show  that  (0001)  plane 
subsnrf  ac.2  layer  fias  a  specific  structure  which  contains 
metastable  ceriters. 

This  structure,  however,  does  tint  take  place  on  freshly  cleaved 
cjrface.  The  increase  of  and  oi  with  At  leads  to  the  conclusion 

tl!£.t  it  emergoi>  grad-ially  after  crystal  cleavage.  The  rough 
estimation  of  emergence  process  act-ivati -in  energy  gives  the  value 
of  0.&-0.7eV. 

The  nature  of  observed  metastable  centers,  mechanism  of  their 
transition  i.nt.o  metastable  state,  as  well  as  the  mechanism  of 
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creation  o-f  specific  structure  on  (0001)  plane  i  r.  the  matter  of 
further  investigations. 
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Strain  Relief  in  Thin  Films;  Can  We  Control  It? 
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ABSTRACT 

In  this  paper,  we  review  several  experiments  which  tackle  the  questions  of  the  importance  of 
growth  conditions  on  the  introduction,  and  microstructure,  of  .strain  relieving  defects,  and  show 
that  the  nucleation  of  di.slocations  is  the  critical  step  in  determining  and  controlling  the  formation 
of  defects. 

In  the  fir-st  set  of  experiments,  the  growth  of  (Je  on  Si(OOl)  and  Si(l  1 1)  was  changed  from  islands 
to  laycr-by  layer  by  using  a  surfactant  I'his  has  a  dramatic  elTcct  on  the  nucleation  of  defects. 
Indeed,  in  thc(5e/Si(00l)  system,  the  nucleation  of  dislocations  is  suppressed  and  novel  V-shaped 
defects  ate  formed.  I'or  the  Ge/Si(lll)  sy.stcm,  the  same  dislocations  arc  formed  both  during 
islanding  and  layer-by-layer  growth.  But  laycr-by-laycr  growth  forces  dislocations  to  nucleate  at 
the  surface  as  partials,  which  glide  to  the  interface  leaving  a  stacking  fault  threading  through  the 
thin  film.  These  faults  arc  later  annihilated  by  the  glide  of  a  second  partial  dislocation,  resulting 
in  a  perfect,  relaxed  Gc  film. 

.Secondly,  wc  review  the  anomalous  strain  relaxation  oKserved  in  compositionally  graded  layers 
of  .SiGc/Si(001).  In  this  case,  Frank-Read  type  sources  of  dislocations  arc  observed,  which  results 
in  dislocations  heine  injected  deep  into  the  Si  substrate,  leaving  the  top  of  the  film  itself  defect 
free.  Wc  discuss  the  mechanisms  involved  and  show  that  this  methoo  can  be  used  to  grow  re¬ 
laxed,  defect  free  Si(»e  alloy  films  of  arbitrary  thickness  and  composition. 

I)  INTRODliCTION 

Strain  and  strain  relieving  defects  play  a  considerable  role  in  determining  the  electronic  prop¬ 
erties  as  well  as  the  microstructurc  of  epitaxial  layers.  Strain  can  be  used  in  technology  to  man¬ 
ufacture  materials  with  specific  properties  -  c.g.  change  the  band  gap  in  very  thin  Si/Gc 
supcriattices',  but  must  be  understood  and  controlled  ir  order  to  obtain  the  desired  properties 
rcproducibly.  (Tonsidcrable  progress  has  been  achieved  recently  in  the  field  of  SiGc  hetero- 
junction  type  devices’.  This  was  done  by  using  the  band  offset  provided  by  alloying  Si  with  Gc, 
while  keeping  the  SiGc  fi'm  strained,  i.c,  at  the  lattice  parameter  of  the  Si  substrate.  This  com¬ 
pletely  avoids  the  issue  of  defect  formation  and  of  defects  threading  through  the  thin  film,  and  is 
Is  relatively  straightforward,  as  it  only  requires  that,  given  a  certain  Ge  composition  (  and  thus 
a  certain  strain),  the  SiGe  thin  film  be  kept  below  a  given  critical  thickness.  While  there  arc  se¬ 
rious  discrepancies  between  theories'*  used  to  calculate  this  critical  thickness  and  experimental 
results',  it  is  obvious  that,  for  a  given  misfit  between  thin  film  and  substrate,  there  is  a  thickness 
under  which  the  introduction  of  dislocations  actually  raises  the  total  energy  ofthc  system,  so  that 
there  is  no  driving  force  for  dislocation  formation.  Thus,  there  is  a  critical  thickness  under  which 
the  thin  film  will  oc  stable  throughout  the  processing  steps  involved  in  the  fabrication  of  the  de¬ 
vice.  This  thickness  is  belter  know  empirically  than  understood  theoretically,  but,  for  the  purpose 
of  making  devices,  this  is  quite  appropriate. 

The  problems  that  have  ‘jccn  encountered  when  tryir;g  to  correlate  the  measured  critical 
thickness  to  thcoD  at®  two  fold:  Fir,st!y,  the  ihcorcticai  critical  thickness  relates  only  to  the  for¬ 
mation  of  "the  first  dislocation",  i.c,  it  actually  cannot  be  detected  by  any  practical  means:  Iw  the 
time  usual  techniques  detect  dislocations,  they  are  generally  a  very  high  nunrher  of  them.  Thus, 
the  experiments  are  actually  more  a  measure  of  the  limitation  of  the  instrument  being  used  than 
a  real  measure  of  the  c!',sivc  critical  thickness.  Secondly,  the  probiem  is  too  complicated  to  be 
rompictely  modeled  so  that  some  simplifying  assumptions  have  to  be  made,  v.-hjeh  tend  to  shed 
some  doubts  on  the  theoretical  projections.  For  example,  the  most  oRcn  used  theoretical  critical 

;kness  is  the  one  that  was  calculated  by  Matthews  and  Blakeslcc*.  Twrr  major  assumptions 
.  vre  made.  First,  it  was  assumed  that  dislocations  were  present  in  the  substrate,  so  that  it  was 
only  necessary  to  bend  the  dislocations  along  the  interface,  not  to  nucleate  them.  This  can  be 
extended  to  cases  where  nucleation  is  so  easy  that  the  limiting  step  during  relaxation  is  the  mo¬ 
tion  of  the  di.slocations.  Wc  will  show  in  this  paper  that,  given  today's  almost  perfect  .substrates 
and  cleaning  procedures,  neither  of  these  applic.s.  The  second  major  assumption  was  that  the 
interaction  between  dislocations  could  be  neglected.  It  has  been  shown  by  Hull'  and  by  Freund’ 
that  interaction  between  disinrations  is  critical  in  determining  the  final  microstructurc,  and  in 
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Figure  I:  Cross-sctliunal 
micrographs  of  6  ML  of  Cc 
on  .Si(()Ot). 

a)  grown  without  a  surfactant. 

b)  grown  with  an  A.s  surfactant. 


Figure  2:  Clross-scciional  micrograph  of  i2Ml  <k  on  .Si{«)0|),  grown  witli  a  .surfactant. 

a)  general  view. 

b)  detail  of  the  V-shaped  defect.  atonuc  model,  and  simulation  arc  also  included. 
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I'ir.st,  ttic  defect  itself  has  acted  as  a  nucication  site  for  a  90*  dislocation,  which  has  been  injected 
in  the  substrate  itself.  Secondly,  since  the  defect  has  been  overgrown,  we  can  now  draw  a  com¬ 
plete  Durger's  circuit  around  it  and  demonstrate  that  it  indeed  acts  as  a  90*  dislocation  itself. 
I'inis,  the  total  strain  is  relieved  partly  by  the  V-shaped  defects,  and  partly  by  disldcatio^ns  in  the 
.substrate.  In  ref  12,  we  demonstrated  that  the  dislocations  were  injected  in  the  substrate  because 
of  the  repulsive  forces  between  the  dislocation  and  the  defect.  1'hi$  results  in  the  Si  substrate  It¬ 
self  being  severely  strained  for  a  few  monolayers,  in  order  to  meet  the  Cie  lattice  'hairway'.  Thus 
this  system,  even  aRcr  complete  relaxation  ,i.c,  when  the  top  of  the  (ic  film  has  its  natural  lattice 
parameter,  will  still  he  under  considerable  .strain  both  because  of  the  strain  in  the  Si  .substrate, 
and  because  the  bottom  of  the  Cie  layer  has  a  lattice  parameter  varying  continually  as  the  V- 
shaped  defect  grows. 


C'ontraty  to  what  appears  to  he  the  case  in  I‘1g.  3,  in  mo.st  ca.ses  the  overgrown  Ge  on  top  of 
the  defect  is  not  net  feet.  Indeed,  numerous  twins  and  stacking  faults  are  generated  during  this 
process,  so  that  these  films  arc  not  directly  usable  for  electronic  applications. 


Detail  of 

a'^  V-shaped  defect  after  further 
growth  on  Ge  on  Si(00l),  with 
an  As  surfactant.  Burgers 
vectors  have  been  drawn 
around  the  defect,  and  around 
the  di.slocatioh  that  has  been 
ihj^ted  in  the  Si  .substrate. 


If-c)  (trvwth  en  Si(lll}:  Formatitn  a/ perfect,  rehxeJ  Ge  Ihiit /ilmt. 

When  Ge  is  grown  on  an  antimony  terminated  Si(l  1 1)  sub.stratc,  again,  layer-by-layer  growth 
is  achieved.  Unlike  the  ease  of  Ge/As/Si(Of)l)  though,  the  type  of  del«ts  that  are  formed  is  not 
changed  by  the  growth  morphology.  The  same  dissociated  dislocations  are  formed  in  both  cases, 
but  the  location  at  which  the  nucication  events  occur  is  Changed,  which  results  in  very  different 
final  microstructurcs.  Figure  4  shows  high  resolution  micrographs  of  about  (iO  Ml,  of  Ge  de¬ 
posited  on  .Si(l  1 1)  with  and  without  a  suriitctant.  When  island  growth  occurs,  the  edges  of  the 
islands  provide  numerous  nucication  sites  for  dislocations.  The  dislocations  then  glide  as  partials 
along  the  (1 1 1)  plane.  Fach  partial  dislocation  generates  a  stacking  fault  as  it  glides  toward  the 
center  of  the  island.  If  a  complementary  partial  then  glides  on  exactly  the  same  plane,  it  wilt 
annihilate  the  stacking  fault,  but  this  is  statrstically  unlikely  because  of  the  plethora  of  nucication 
sites  provided  by  the  edges  of  the  islands.  Thus,  the  microstructure  shown  on  Fig.  4a  results, 
where  the  island  is  full  of  stacking  fault  and  twins.  When  the  islands  finally  coalesce,  the.se  twins 
and  stacking  faults  will  thread  to  the  surface,  resulting  in  a  very  defected  Ge  layer.  On  the  other 
hand,  when  Ge  is  grown  laycr-by-lavcr  on  SKI  1 1 ),  the  perfect  microstnicturc  shown  on  Fig.  4b 
results.  Here,  the  strain  is  relieved  by  a  series  of  partial  dislocations  located  on  one  single  plane 
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at  the  interface.  The  dislocations  arc  the  same  as  in  the  island  ease,  but,  unlike  the  island  ease, 
they  arc  restricted  to  the  plane  of  the  interface,  defining  a  patchwork  of  alternatively  perfect  and 
hiuftcd  areas  in  this  single  plane,  leaving  the  film  it.sclf  defect  free  and  rclaxctl. 


Figure  4:  High  resolution  micrographs  of  about  fiOMI.  of  Gc  grown  on  SKIIi).  a)  without  a 
surfactant  (side  of  an  island),  b)  with  antimony  as  a  surfactant. 


Since  the  film  is  grown  laycr-b;y-laycr,  the  only  possible  nucication  site  for  dislocations  is  the 
surface.  Surprisingly,  the  di-slocations  that  are  observed  on  Pig.  4b  cannot  have  formed  in  this 
configuration  at  the  surface.  In  order  to  understand  why  thi.s  has  to  be  the  case,  let  us  consider 
the  ease  of  the  .set  of  diidocations  imaged  in  Fig.  4b.  Since  this  is  a  [1 10]  cross*.scction,  the  dis¬ 
location  marked  l>i,  wljich  is  directly  imaged  here  as  an  extra  lattice  fringe,  has  to  have  a  Burger's 
vector  equal  to  l/<V  1 12].  Di  thus  has  a  Burgcr’.s  vector  perpendicular  to  the  plane  of  the  cross- 
section,  which  is  why  it  Burger's  vector  can  be  directly  imaged.  D*  corresponds  to  the  comple¬ 
mentary  dislocation,  i.e,  it  restores  the  perfect  lattice  at  the  end  of  the  stacking  fault  and  has  thus 
a  Burgers  vector  equal  to  I/6[2I  I].  Thus,  the  'total'  dislocation  (1),  +  I)j)  has  a  Burger  s  vector 
equal  to  I/2[I0I1.  The  partials  as  well  as  the  full  dislocation  can  all  glide  on  the  (III)  plane  of 
the  interface,  and  ONI.V  on  this  plane.  Thus  it  is  impossible  that  they  had  formed  as  halfiloops 
from  the  surface,  since  this  would  require  glide  along  another  fill}  plane,  i.e.  (Ill),  (III),  or 
(I  IT).  This  final  microstructure  thus  must  have  evolved  from  the  formation  and  reaction  of  dis¬ 
locations  that  have  formed  at  the  surface  and  glided  on  jine  the  lhc.se  planes.  This  is  illustrated 
schematically  in  Fig.  .S.  As  shown  inj’ig.  t^  I/2[I0T]  Burgers  vector  can  be  dissociated  into 
two  other  Burgers_vcctor.s.  I/2[I0T]— l/2[0||]+ |/2[II01.  I/2[0II]  can  glide  toward  the 

interface  on  the  (I  iT)  plane  as  a  half-loop  from  the  siirfare.  when  the  loop  reaches  the  interface. 
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it  can  cross-slip  onto  the  plane  of  the  interface,  forming  the  dislocation  observed  experimentally 
in  Tig.  4b.  plus  a  full  edge  dislocation  with  a  Riirgcrs  vector  cqu  .:  to  l/2[iin].  1'his  last  dislo¬ 
cation  can  then  climb  out  of  the  film,  which  incidentally  takes  t';c  of  the  "extra"  atoms  in  the 
film. 

Rut  dislocations  in  this  system  tend  to  form  as  partialr,  so  that  this  reaction  does  not  happen 
as  one  single  step.  Fig.  5b  describes  the  sets  of  partials  involved.  I'irst,  a  partial  dislocation  with 
Rurgers  vector  equal  to  l/6f  1 1 21  loops  from  the  surface  and  glides  towaref  the  interface,  the  first 
partial  to  be  nucleated  will  be  the  one  with  the  highest  driving  force  for  nucleation,  i.c,  the  one 
whose  elTectivc  Burgers  vector  in  the  plane  of  the  interface  is  I  jrgest.  The  glide  of  this  partial 
dislocation  generates  a  stacking  fault  in  the  film,  leaving  it  defective,  'ihis  stage  of  the  film 
growtii  in  depicted  in  Fig.  6.  Ilere,  the  first  partial  has  glided  to  the  interface  and  cross-slipped 
unto  the  plane  of  the  interface,  leaving  a  slacking  fault  along  the  interface,  and  threading  through 
the  film.  Because  th^  are  no  other  favorable  nucleation  sites  for  dislocations,  the  intersection 
between  the  stacking  fault  and  the  surface  acts  as  a  prefered  nucleation  site  for  the  second  partial, 
i/6[l2l],  which,  upon  gliding  to  the  interface,  annihilates  the  previously  formed  .stacking  fault.s. 
We  have  thus  a  ".self-annihilating"  defect.  At  the  end  of  the  growth  all  of  the  stacking  faults 
formed  at  intermediate  growth  thicknesses  have  iKcn  annihilated,  leaving  the  film  relaxcil  and 
defect  free.  A  more  detailed  description  of  this  mechanism  can  be  found  in  ref  1,1. 


Figure  5:  .Schematic 
represention  of  the  ilislocaiioiis 
involveci  in  the  relaxation 
process. 

a)  Burger's  vectors  of  the 
full  dislocations. 

b)  Burger's  vector,  line  and 
glide  plane  of  the  partial 
dislocations  participating 

in  the  relaxation. 


I  ^ure  6:  <;ross..scctional 
micrograph  of  I5M1.  Cic  grown 
on  Si(  1 1 1 )  with  an  Sh 
surfactant.  The  dislocation  I), 
has  been  highlielitcd,  as 
well  as  the  .stacking  niiili 
along  the  interface,  and 
the  stacking  fault  threading 
through  the  (ic  film. 


ll-J)  Ctmelmhm. 

'fhis  study  of  the  effccl  of  growth  morphology  on  the  introduction  of  strain  relieving  defects 
highlights  the  critical  importance  of  the  nucleation  energy  and  site  on  the  final  microslnictiire  of 
thin  films.  In  the  case  of  Gc/.*ii(0Ri).  layer-by-layer  growth  renders  dislocation  formation  unfa¬ 
vorable.  Instead,  V-shaped  defects  are  formed,  l1ic.se  actually  play  the  role  of  a  dislocation  with 
extended  core,  since  a  Rurgers  vector  can  be  drawn  around  them,  once  they  have  bMi  overgrown. 
In  this  case,  it  is  obvious  that  the  calculations,  a  la  Matthews  and  Blakc.sfce.  which  involve  clas¬ 
sical  elasticity  cannot  he  of  any  value:  Here  the  "dislocation  core"  is  larger  that  the  thickness  of 
the  film  in  which  it  forms.  It  also  .show's  that  the  nucleation  energy  is  a  critical  factor  in  calcii- 
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latiiig  critical  thickness.  Iliis  renders  the  proWem  signifiontly  more  complicated  since  we  now 
need  to  address  where,  and  how.  arc  dislocations  formed. 

I  hc  ease  of  <*e/Si(lll)  Is  simpler  since  the  same  dislocations  are  formetl  both  during  laycr- 
by-Ia\cr  growth  and  islanding.  Nonetheless  it  demonstrates  the  importance  of  the  location  of  the 
dislocation  formation:  I  lerc,  hy  limiting  the  sites  at  whidi  dLsIoratlons  can  he  formed,  we  have 
in  cITcct  coinpieic  control  on  the  (ilm  microsimctiirc,  and  can  imlccil  achieve  films  that  arc  re¬ 
laxed  and  defect  free. 


Figure  7:  Rclaxnl  .SiCic  alloys  fifiiis  grown  hy  gnuling  llie  composition,  and  showing  the  anoma¬ 
lous  relaxation  process.  aj  The  C»e  composition  iiicTcascB  linearly,  h)  The  Cle  composilion  in¬ 
creases  in  a  siep-wisc  manner.  c>  Ihc  cradcil  hiilTcr  consist  of  a  stiperlailke  (marfcnl  "S"), 
correspmttfing  to:  SMiA  Si«Cic.:5trA  Si'lwt.A  Si«Cie«'.loA  SI;  fSin(»Ci«/.^A  Sil  three  limes; 
Si,.(tc,J50A  Si. 


1278 


ICDS-16 


Jlcrc  wc  review  recently  published  data'*,  relating  to  the  control  of  threading  dislocations  in 
a  relaxed  film  by  grading  the  film  compositionally.  Fn  this  case,  we  not  only  control  the 
nucication  of  dislocations,  but  also  their  velocity  to  such  an  extent  that  relaxed  Side  films  of  ar¬ 
bitrary  thickness  and  composition  can  be  grown.  Wc  review  the  conditions  necessary  to  achieve 
this  and  describe  possible  extension  of  this  technique  to  other  materials. 

tll-a)  Experiment. 

Side  thin  films  were  grown  both  by  IJIlV-chcmical  vapor  deposition  ((WD)  and  MBI;  at  a 
tcmpciaturc  of  about  I  hc  cleaning  procedures  used  before  the  growth  are  described  in 

refs.  It)  and  1 7  rc.spcctively.  I  KIVl  .samples  were  prepared  in  the  same  fa.shion  as  described  in  the 
previous  .section.  The  ob.servation.s  wcic  done  at  jOOkV,  except  for  the  convergent  beam  patterns, 
which  were  obtained  at  IflOkV.: 


fll-b)  Results. 

IFF-b-I)  I’erfect,  relaxed  films  of  arbitrary  composition. 


Figure  8:  a)  Center  spot  of  the 
convergent  beam  pattern  obtained  from 
the  Si  substrate,  and  correspnding 
sithulatidn. 

b)  Center  spot  of  the  convergent  beam 
pattern  obtained  form  the  top  layer  of 
the  sample  shown  in  I'ig.  6c,  and 
corresponding  simulation. 

^  Planar  view  of  the  sample  shown  in 
Fig.  6c:  the  thickness  of  the  THM  sample 
increases  in  the  direction  of  the  arrow. 


Materials  Science  Forum  vols.  83-87 


1279 


Mg.  7  shows  several  samples  grown  by  UlfV-CVD,  where  the  top  layer  is  relaxed,  and  defect 
free.  Fn  fig.  7a,  the  Gc  composition  varies  linearly  from  0  at  the  substrate  to  about  25%  at  the 
top  of  the  film.  .Surprisingly,  no  threading  dislocations  arc  present  at  the  top  of  the  film,  while 
numerous  dislocations  seem  to  loop  deep  in.side  the  Si  substrate.  Fug.  7b  shows  a  sample  were 
the  grading  has  been  done  in  a  step-wise  manner,  i.c,  the  Gc  composition  increases  from  one  of 
the  supcrlattice  l^cr  to  the  next.  Again,  the  top  layer,  containing  20%(ic  is  relaxed  and  dislo¬ 
cation  free.  F’ig.  7c  shows  a  sample  where  the  graded  layer  consists  of  a  superlattice,  where  Gc- 
rich  layers  of  increasing  Ge  concentration  arc  .separated  by  Si-rich  layers.  The  same  phenomenon 
occurs  here  too.  This  same  .sample  was  also  used  to  a.sccrtain  the  complete  relaxation  of  the  top 
layer:  ('ross-sectional  views  were  prepared  perpendicular  to  the  (100)  direction  (instead  of  the 
more  usual  (110)  direction),  and  cooled  to  about  -140°C  in  the  TliM  in  order  to  obtain  clear 
convergent  beam  patterns,  ('onvergent  beam  dilfraction  is  extremely  sensitive  to  very  small  dis¬ 
tortions  of  the  lattice,  so  that  tetragonal  distortion  due  to  strain,  as  well  as  changes  in  the  lattice 
parameter,  can  be  readily  detected.  Fig.  8  shows  the  center  spots  from  the  convergent  beam 
pattern  obtained  from  the  Si  substrate,  and  from  the  top-most  layer  of  the  sample  .shown  in  7c. 
Fig.  8  also  includes  simulated  patterns,  which  show  that,  using  the  Si  lattice  as  a  reference,  the 
pattern  obtained  from  the  top  layer  can  be  reproduced  if  we  assumed  a  completely  relaxed  Side 
lattice  containing  20%  Ge.  The  complete  relaxation  can  actually  be  deduced  .simply  by  noting 
that  the  square  symmetry  is  retained  from  8a  to  8b,  demonstrating  the  lack  of  tetragonal  dis¬ 
tortion  in  the  top  layer..  In  order  to  quantify  the  quality  of  this  relaxed  top  layer,  planar  view 
TF-M  was  done.  Fig.  8c.  Here,  we  are  looking  at  a  wedge,  i.e,  toward  the  right  of  the  picture,  the 
TliM  sample  is  very  thin,  so  that  we  are  only  imaging  the  very  top  portion  of  the  sample.  As  the 
rRM  sample  gets  thicker  (toward  the  left  of  the  picture),  we  start  probing  deeper  into  the  sam¬ 
ple,  and  intersecting  the  dislocations  that  are  buried  in  tnc  supcrlattice  and  the  substrate. 


Figure  9:  Graded  samples 
demonstrating  conditions  for 
the  anomalous  relaxation  to 
occur. 

a)  .Sample  grown  by  MDF,  on 

a  clean  starting  surface. 

b)  Sample  grown  by  MBH,  on 
a  surface  where  particulates 
are  present. 

c)  Sample  grown  by  ('VD,  in 
the  .same  conditions  as  the 
sample  shown  in  Fig.  fia,  but 
the  Ge  concentration  in  the 
thin  film  is  kept  constant 

at  25%. 


1280 


ICDS-16 


By  working  at  very  low  magnification,  and  probing  several  of  tho  thin  areas,  we  obtain  an  upper 
limit  for  the  number  of  threading  dislocations  of  lO^/cm’,  which  correspond  to  a  reduction  of 
about  7  orders  of  magnitude  compared  to  similar  layers  grown  without  the  graded  bulTer.  It  is 
worth  noting  that  this  means  that  such  materials  arc  now  device  grade  materials,  that  can  be,  and 
have  been'*'’,  used  for  novel  device  structures,  fhe  defect  density  was  corroborated  independ¬ 
ently  by  etch  pit  counts,  and  the  .same  number  of  W/cm’  was  obtained. 

II!-b-2)  ('onditions  and  Mechanism. 

We  have  shown  in  Fig,  7  that,  in  order  for  this  new  mechanism  to  operate,  the  buffer  layer 
can  either  be  linearly,  or  step  graded.  Indeed,  the  step  grading  can  be  done  in  a  rather  compli¬ 
cated  manner,  i.c,  as  a  superlattice,  were  the  layers  of  increasing  Ge  concentrations  are  separated 
by  pure  Si,  or  low  Gc  concentration  layers.  I’ig,  9  illustrates  the  other  conditions  necessary  for 
this  phenomenon  to  occur;  First,  as  .shown  in  fig.  9a,  the  sample  can  be  grown  by  MBE  instead 
of  ('VD.  Secondly,  the  condition  of  the  initial  growth  interface  is  critical.  If  particulates  are  left 
at  this  interface,  they  will  pin-down  threading  dislocations  and  results  in  a  very  defective  final 
microstruefure,  I'ig.  9b.  Fig.  9c  illustrates  the  fact  that  a  clean  interface  is  not  enough  for  this 
mechanism  to  occurs:  here,  the  sample  was  grown  in  exactly  the  same  conditions  as  the  one 
shown  on  Fig.  7a,  but  the  Gc  content  was  kept  con.stant.  Thus,  the  grading  it.self  plays  a  deter¬ 
mining  role. 

The  mechanism  proposed  for  this  anomalous  strain  relief  was  described  in  in  ref.  15.  This 
mechanism  has  to  be  able  to  explain  the  two  .striking  experimental  facts,  first  that  the  top  layer 
is  relaxed  and  defect  free,  and,  secondly,  that  dislocations  arc  injected  deep  into  the  Si  substrate 
itself  Fig.  10  demonstrates  that  the  dislocations  that  arc  very  deep  inside  the  substrate  are  in  fact 

part  of  a  pile-up  originating  near  the  interface.  It  also  shows,  through  a  g  b  jnaly.sis,  that  all  of 
the  dislocations  in  one  pile-up  have  the  same  Burgers  vector,  equal  to  1/2[10T],  i.e  glissile  on  the 
(Til)  plane.  This  strongly  suggest  the  presence  of  a  Frank-Read  type  of  dislocation  source  at, 
or  near,  the  substrate/overlayer  interface.  We  propose  that  the  grading,  as  well  as  the  very  clean 
growth  surface,  make  it  very  difficult  to  nucleate  dislocations.  An  initial  network  probably  forms 
at  defects  (possibly  particulates  or  "diamond-defects"  similar  to  those  described  by  Raglesham  et 
aF"),  significantly  past  the  critical  thickness  (as  defined  by  Matthews  and  Blakeslee),  and  thus  are 
under  enough  strain  so  that  the  threading  part  can  move  ail  the  way  to  the  edges  of  the  wafer. 
After  this  initial  network  has  formed,  the  intersections  between  dislocations  start  acting  as 
Frank-Read  sources,  as  shown  in  Fig.  11.  Each  new  loop  formed  pushes  the  previous  one  further 
into  the  substrate,  explaining  the  presence  of  very  deep  dislocation  pile-tips  in  the  Si  substrate. 
Further,  because  of  the  grading,  each  new  loop  can  glide  on  a  "fresh’'  surface,  since  the  location 
of  the  dislocation  needs  to  be  graded  too  in  order  to  minimize  the  total  energy.  This  greatly 
minimizes  the  interaction  between  dislocations,  and  thus  the  possibility  of  pinning  by  intersecting 
dislocations"  ’.  This  in  turn  explains  the  lack  on  threading  dislocations  in  the  top  layer;  all  of  the 
threading  parts  have  been  able  to  move  unimpaired  to  the  edges  of  the  wafer. 

III-b-3)  Other  materials  -  Outlook  for  future  uses  of  this  technique. 

Wc  have  presented  only  results  concerning  SiGe  films  grown  onto  Si(IOO),  with  a  maximum 
composition  of  25%Ge.  We  have  successfully  grown  layers  containing  up  to  60%Ge,  fully  re¬ 
laxed  and  defect  free.  Thc.se  can  be  used  for  devices  that  require  straining  the  Si  lattice,  e.g, 
tunnelling  junction,  or  as  a  substrate  for  strain  symmetrized  superlattices.  This  technique  could 
be  extended  straightforwardly  to  grow  pure  Ge  on  Si.  We  are  also  in  the  process  of  investigating 
this  technique  for  different  materials,  c.g.  GalnA.s/GaAs.  The  process  described  here  is  really 
quite  general,  and,  given  that  in  these  .systems,  the  same  type  of  dislocation  as  in  SiGe  are  formed, 
the  same  phenomenon  should  occur.  Similarly,  a  number  of  II- VI  .systems  should  display  the 
same  behavior.,  Eventually,  this  technique  could  also  be  used  to  manufacture  perfect  substrates 
of  arbitrary  composition/lattice  parameters,  on  which  to  grow  devices  or  novel  materials. 


IV)  General  Conclusions. 

These  experiments  have  demonstrated  that  it  is  time  forgo  the  notion  of  critical  thickness,  at 
least  the  one  that  have  been  defined  by  Matthews  and  Blakeslee  (and  refined,  but  never  com¬ 
pletely  changed,  ever  since).  The  idea  was  certainly  valid  at  the  time  it  was  developed,  first  be¬ 
cause  the  substrates  themselves  were  so  defective  that  the  nucleation  of  dislocation  was  never  an 
issue,  and,  secondly,  because  the  cleaning  procedures  had  not  reached  the  level  of  today,  thus 
probably  leaving  numerous  particulates  that  could  also  act  as  nucleation  sites.  Todays  substrates 
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and  cleaning  procedures  make  it  impossible  to  omit  the  nucleation  of  dislocations  in  any  calcu¬ 
lation. 


Figure  10:  a)  Cross-sectional 
sample,  tilted  about  30°  around 
(110),  so  that  dislocations  that 
were  running  perpendicular  to  the 
electron  beam  in  Fig.  7  and  9  are 
now  imaged  as  lines.  A  pile-iip, 
with  its  origin  in  the  bottom 
part  of  the  graded  layer  is 
clearly  seen. 

b-A  g  b  analysis  of  a  .series  of 
dislocation  loops,  showing  that 
all  of  the  loops  have  the  same 
Burgers  vector,  equal  to  1/2(101]. 
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Indeed,  comparison  between  experimental  results  and  a  Matthcws-Blakeslee  t^'pe  of  critical 
thickness  arc  probably  only  useful  as  a  check  of  how  clean  the  system  is:  the  dirtier  the  growth, 
the  closer  to  the  theory  the  data  will  be  since  dirt  will  certainly  make  nucleation  of  dislocations 
easier.  In  theory,  it  would  be  possible  to  develop  a  new  critical  thickness  taking  into  account  the 
barrier  to  nucleation.  Unfortunately,  this  critical  thickness  would  be  critically  dependant  upon 
exactly  how  dislocations  are  formed:  In  the  case  on  Cic/As/Si(I(X)),  we  have  actually  demon¬ 
strated  that  it  was  possible  to  completely  prevent  the  nucleation  of  dislocation  because  other 
defects  have  a  lower  nucleation  energy  barrier.  In  this  case,  the  critical  thickness  would  be  the 
thickness  necessary  to  form  the  V-shaped  defects,  not  dislocations.  At  thi.s  point  in  time,  the 
problem  of  including  nucleation  energy  is  thus  impractical,  mostly  because,  in  most  casc.s,  we 
don't  known  where  the  dislocations  are  formed. 

We  have  nonetheless  reached  a  point  where,  through  careful  growth  techniques,  we  can  indeed 
control  the  formation  and  migration  of  defects/dislocations  to  an  extend  where  electronic  grade 
materials  can  be  grown  relaxed  and  defect  free.  We  have  shown  two  techhidues  that  achieve  this 
goal:  In  the  first  one,  we  have  controlled  the  growth  mode  through  control  of  the  surface  ener¬ 
getics.  This  results  in  the  formation  of  defect  free,  relaxed  Gc  on  Si(|Il).  The  idea  of  using 
surfactants  could  clearly  be  used  with  other  system.s,  and  at  other  cothpositloh  of  SiGe  alloys. 
The  second  technique  seems  almost  simplistic  and  con.sists  of  using  a  buffer  layer  of  graded 
composition  to  reach  the  lattice  parameter  and  composition  desired.  Although  the  idea  here  is 
very  simple,  its  workability  critically  depends  on  how  good  the  growth  is,  e^g,  the  initial  conditibn 
of  the  growth  interface  determines  the  final  microstnicture.  This  is  probably  why  wc  arc  only 
now  discovering  this  new  phenomenon.  It  certainly  opens  the  door  to  a  wide  array  of  novel 
structures,  materials,  and  devices. 
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ABSTRACT 

The  influence  of  the  presence  of  a  composition  modulation  on  the  generation  of  defects  in 
Ino.54Gao.46As  strained  layers  grown  by  MBE  on  InP  substrates  is  reported.  The  most 
important  feature  found  in  all  the  samples  is  the  existence  of  a  tweed-like  quasiperiodic 
structure  with  a  strong  dark  contrast  roughly  along  both  the  [001]  and  [010]  directions.  The 
wavelength  A  of  this  quasiperiodic  structure  has  been  found  to  be  dependent  on  the  layer 
thickness.  In  a  first  step,  the  strain  relaxation  is  absorbed  by  the  presence  of  a  modulation 
of  composition.  For  layer  thickness  bigger  than  O.S  pm,  defects  start  to  appear  because  their 
nucleation  is  more  favourable  than  increasing  elastic  energy  in  the  layer.  The  interface 
dislocation  network,  expected  in  the  growth  of  mismatched  layers,  has  not  nucleated  in  any 
of  the  samples,  even  for  the  thickest  one.  The  elastic  energy  associated  with  the  modulation 
induced  strain  has  been  taken  into  account  to  explain  this  behaviour. 


INTRODUCTION 

Lattice  mismatched  In^Gai.xAs  layers  grown  on  InP  substrates  are  now  of  interest  as  they  can 
be  used  to  fabricate  optoelectronic  devices  working  in  the  wavelength  range  >2  pm  [1].  The 
performance  and  reliability  of  these  semiconductor  devices  are  known  to  depend  initially 
upon  the  perfection  of  the  materials,  especially  for  injection  devices  such  as  lasers  and  light- 
emitting  diodes  where  high  current  densities  flow  through  the  active  regions  during  operation. 
It  is  essential  for  the  active  region  to  be  free  from  structural  defects  because  they  act  as 
nonradiative  recombination  centers  [2,3].  The  defects  usually  discussed  are  those  more 
directly  related  to  the  lattice  mismatch  between  the  overgrowth  layer  and  the  substrate, 
namely  misfit  dislocations  [4]  which  appear  when  the  layer  thickness  exceeds  the  critical 
value,  tg.  However,  misfit  dislocations  are  not  the  only  way  available  for  the  accomodation 
of  the  misfit  strain.  Stacking  faults  inside  the  epilayer  can  also  greatly  relax  the  misfit  strain 
[5].  Despite  many  theoretical  models  [6,7]  have  been  developed  to  describe  the  transition 
between  the  strained  and  relaxed  systems,  experimental  understanding  of  the  strain  relaxation 
process  is  still  very  limited. 

In  this  work  we  studied  the  morphological  defects  in  Ino.54Gao.46As  strained  layers  grown  by 
MBE  on  InP  substrates,  when  the  growth  conditions  used  favour  composition  modulations 
to  be  present.  In  order  to  explain  the  relaxation  mechanism  we  have  taken  into  account  the 
elastic  energy  associated  with  the  modulation  induced  strain. 

EXPERIMENTAL  PROCEDURES 

All  the  samples  were  grown  using  a  VG  Semicon  V80H  Molecular  Beam  Epitaxy  (MBE) 
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system.  Growth  was  carried  out  at  SIS^C  on  InP  (100)  semi-insulating  Fe-doped  substrates. 
The  substrates  were  etched  prior  to  growth,  at  50°  C  in  H2SO4 :  H2O  :H202  prepared  in  the 
ratio  7: 1:1.  Five  epilayers  were  grown  rt  a  fixed  alloy  composition  ofx=54.3%+0.2%  with 
different  thicknesses  as  shown  in  Table  I.  On  initiation  of  growth  a  step  increase  in 
temperature  of  the  group  III  sources  was  employed  to  limit  In  and  Ga  flux  transients. 

TEM  studies  were  performed  on  plan  view  and 
cross  section  samples.  The  cross-sectional 
specimens  were  thinned  by  P  bombardment. 
Planar  view  specimens  were  prepared  by 
mechanical  and  ion  beam  milling.  As  it  is  well 
known,  the  use  of  Ar*  to  etch  the  samples  is 
not  very  advisable  in  samples  grown  on  InP 
substrates  because  the  preferential  etch  of  P 
produce  In  islands,  which  difficult  the 
observation  of  interfaces.  However,  in  this 
study,  the  controlled  use  of  Ar"^  etching  allows 
Table  I.  Sample  charaaeristics.  The  us  to  know,  by  the  presence  of  these  islands, 
measurement  error  of  the  coarse  structure  which  zone  of  the  sample  we  are  on.  First  of 
wavelength  (A)  has  been  estimated  to  be  all,  samples  were  etched  from  the  substrate 
±10%.  side  and  after  from  the  layer  surface.  By 

changing  the  etching  times,  we  were  able  to 
obtain  samples  with  their  thinnest  regions  at  different  distances  from  the  interface.  The 
observations  have  been  performed  using  an  Hitachi  H-800  NA  microscope  operating  at  200 
keV. 


Figure  1.  Plan  view  [100]  micrography/ 
the  sample  B.  The  arrow  marks  g=022. 
The  coarse  modulation  lies  along  both 
(OlOJ  and  [001 J  directions. 


Figure  2.  Diffraction  pattern  of  sample  B 


SAMPLE 

THICKNESS 

A 

iitm) 

(nm) 

A 

0.29 

405 

B 

0.49 

365 

C 

0.74 

320 

D 

0.98 

240 

E 

1.96 

235 
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RESULTS 

The  most  important  feature  that  has  been  found  in  all  ti)e  samples,  is  the  existence  of  a 
tweedlike  structure  with  strong  dark  contrast  in  the  [001]  and_[010]  directions.  The 
micrograph  reproduced  in  figure  1  has  been  obtained  with  the  g=022  reflection,  using  the 
bright  field  two-beam  diffraction  method.  Quasiperiodic  contrast  modulation  lies  in  the 
growth  plane.  The  022  reflection  reveals  in  esence  the  same  features,  and  the  contrast  is 
reversed  by  inverting  the  vector  g.  When  the  sample  is  imaged  in  g=004,  only  the  set  of 
bands  perpendicular  to  g  remains  visible.  A  similar  behaviour  occurs  for  g=040,  which  make 
the  bands  lying  on  [O’O]  to  disappear.  Furthermore,  in  the  diffraction  pattern  (fig.2), 
<002>  spots  exhibit  a  weaker  intensity  than  the  <004>  ones,  as  expected  also  from  the 
Treacy  calculations  of  diffraction  patterns  of  a  composition  modulated  structure  [8]. 

Henoc,  et  al  [9J  suggested,  from  Energy  Dispersive  X-Ray  Analysis  (EDX),  that  the  presence 
of  a  composition  modulation  at  the  layer-substrate  i  tUTface  is  responsible  for  the  coarse 
pattern  observed.  Although  the  mechanism  of  this  modulr^tion  is  not  well  established  [10,11], 
the  role  played  by  the  associate  elastic  energy  must  b(;  taken  into  account  to  explain  the 
s»ability  of  III-V  alloys  grown  on  InP  [12]. 


Figure  3.  Bright  field  two  beam  condition  Figure  4.  Bright  field  two  betm^condition 

image  of  sample  C  with  g=022  .  Stacking  image  of  sample  E,  with  g  =  022 . 

faults  and  threading  dislocations  start  to 
appear. 

Epilayers  with  thicknesses  beyond  the  critical  value,  i,  have  been  analyzed  to  study  the 
influence  of  the  composition  modulation  on  strain  relaxation.  Figures  2,3  and  4  are  an 
example  of  the  coarse  pattern  variation  as  layer  thickness  increases.  The  contrast  modulation 
is  evident  for  all  the  cases.  In  Table  I,  we  summarize  the  thicknesses  as  well  as  the 
wavelength  A  of  the  tweedlike  structure  present  in  each  sample.  The  modulation  wavelength 
has  been  found  to  decrease  as  layer  thickness  increases.  It  should  be  noted  that  samples  D 
and  E  have  similar  values  of  A,  despite  the  large  difference  on  their  thickness  values.  The 
measurements  of  the  wavelengths  shown  in  table  I,  have  been  performed  by  averaging  the 
results  from  different  regions  in  the  specimen.  We  have  not  found  any  difference  in  the 
peridiocity  between  the  two  orthogonal  sets. 
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It  is  worthwhile  to  point  out  that  the  interface  dislocation  network,  expected  in  growth  of 
mismatched  layers,  has  not  nucleated  in  any  of  the  samples,  even  for  the  thickest  one. 
However,  misfit  dislocations  are  not  the  only  way  available  for  acommodation  of  the  misfit 
strain  [5].  Among  other  mechanisms,  stacking  faults  inside  the  epilayer  can  also  greatly  relax 
the  misfit  strain.  In  our  case,  the  presence  of  stacking  faults  is  more  significant  in  thicker 
samples  (figure  3).  Defects  start  to  appear  in  sample  C  and  their  densities  rise  as  layer 
thickness  increases,  reaching  a  value  of  about  10’  cnr’  for  the  thickest  sample. 


Figure  5.  Micrograph  of  sample  E  imaged 
with  g-022.  The  asterisc  marks  the  same 
region  that  in  figure  6.  Dislocation  lines, 
stacking  faults  and  coarse  structure  are  in 
contrast. 


Figure  6;  Micrograph  of  sample  E, 
g=022,  showing  the  dark  ban^  lying 
along  010  and  001.  R^<211>  type 
stacking  fault  are  still  present. 


Figure  7.  Dislocation  lines  and  .stacking 
faults  upward  from  the  interface  in  sample 
E. 


In  order  to  study  the  effects  of  the  composition 
modulation  on  the  generation  of  defects  we 
have  carried  out  plan  view  TBM  observations 
at  different  distances  from  the  interface.  Here 
we  present  the  results  for  the  specimen  with 
the  thickest  layer  _{1.96/im).  Figure  4  is  a 
bright  field,  g=022,  two  beam  condition 
image  of  this  sample  in  the  region  near  the 
interface.  Figures  5  and  6  correspond  to  two 
different  reflections,  g=022  and  g=022 
respectively,  of  a  region  farer  from  the 
interface  that  the  one  shown  in  figure  4.  The 
star  in  the  figures  refers  to  the  same  area  of 
the  sample.  Comparing  figures  4  and  6,  we 
can  observe  that  the  contrast  of  the  coarv 
structure  decreases  as  the  separation  from  the 
interface  increases.  At  the  same  time. 


dislocations  lines  start  to  appear.  The  general  feature Js  that  most  of  the  dislocations  appear 
under  022  (Fig.  5),  040  and  (X)4  reflections.  Under  022  reflection,  the  dislocations  disappear 
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(Fig.  6)  and  the  stacking  faults  are  still  in  contrast.  Based  on  the  g.b  criterium  for  the 
visibility  of  dislocations,  where  g  is  the  diffraction  vector  and  b  the  Burgers  vector  o£the 
dislocations,  we  can  conclude  that  most  of  the  dislocations  are  misfit  lying  on  <022  >. 
Finally,  when  the  upper  region  of  the  layer  is  imaged  (i.e.  region  near  interface  has  been 
etched  from  the  substrate)  only  stacking  faults  and  misfit  dislocations  are  observed  (Fig.  7). 
Remark  that  the  coarse  structure  has  disappear. 

DISCUSSION 

It  is  well  known  that  in  heteroepitaxial  growth  the  epilayer-substrate  strain  is  initially 
accomodated  elastically.  However,  at  sufficient  large  epilayer  thicknesses,  >t5,  the 
accomodation  of  strain  by  nucleation  and  propagation  of  defects  (misfit  dislocations,  stacking 
faults)  is  more  favourable  than  the  increase  of  the  elastic  energy  of  the  system.  On  the  other 
hand,  Glas  [12]  showed  that  the  stress  relaxation  of  the  system  can  ^so  be  related  to  a 
modulation  of  the  lattice  parameter.  So,  in  our  case  of  low  mismatched  InGaAs  layers,  a 
balance  of  the  elastic  energy  in  the  system  must  include  both  contributions:  defects  and 
composition  modulation.  The  relaxation  of  the  stress  tends  to  an  stabilisation  of  the  system 
leading  to  a  determinated  composition  modulation  depending  on  the  total  energy,  which  is 
obviously  related  to  the  layer  thickness. 

In  this  framewoik,  our  results  could  be  explained  by  the  following  considerations;  In  the 
thinnest  samples,  the  energetic  balance  of  the  system  leads  to  a  presence  of  a  modulation  of 
composition.  As  the  layer  thickness  increases,  there  is  a  diminution  of  the  wavelength  in 
order  to  absorb  the  increment  of  elastic  energy  introduced  by  the  greater  thickness.  However, 
for  the  thickest  samples  this  diminution  of  the  wavelength  is  likely  to  be  not  enough  to  absorb 
the  excess  energy.  So,  like  in  mismatched  homogeneous  layers,  when  layer  thickness  exceeds 
a  critical  value,  the  relaxation  of  the  energy  by  means  of  defect  nucleation  is  more  favourable 
than  increasing  elastic  energy  in  the  strained  layer.  In  this  way,  note  that  despite  the  large 
difference  in  thickness  between  E  and  D  samples,  their  wavelengths  are  very  similar,  being 
the  density  of  stacking  faults  higher  in  the  thickest  one. 


To  know  the  critical  value  at  which  defects  begin  to  appear,  a  balance  of  the  elastic  energy 
in  the  system  including  the  nucleation  of  defects  and  the  energy  associated  to  the  modulation 
of  composition  must  be  done.  So,  this  critical  value  will  depend  on  the  growth  parameters 
(temperature  and  composition)  influencing  the  thermodinamical  stability  of  the  system  and 
on  the  strain  present  in  the  sample  because  of  the  composition  and  layer  thickness.  In  our 
samples,  grown  at  SIS^C  and  with  a  low  mismatch,  we  have  found  0.5  urn  for  the  critical 
value. 

The  existence  of  a  composition  modulation  at  the  interface  suggests  that  regions  of  localized 
strain  are  present,  limiting  the  propagation  and  interaction  of  dislocations  to  form  misfit 
segments  generally  observed  in  mismatched  layers.  On  the  contrary,  when  a  region  above 
the  interface  is  imaged  (Fig.6)  a  set  of  misfit  dislocations  lying  on  <()22>  can  be  observed. 
In  this  case  the  structure  is  not  affected  by  the  modulation  induced  strain  because,  as 
suggested  by  Strunk  [13],  the  propagation  mechanism  of  such  dislocations  is  a  climbing 
process. 
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CONCLUSION 

We  have  studied  the  influence  of  the  presence  of  a  composition  modulation  on  the  generation 
of  defects  in  Ino.j4Gao.46As  layers  grown  by  MBE  on  InP  substrates.  De^ite  alt  samples 
studied  have  thicknesses  larger  than  the  theoretical  critical  thickness,  the  expected  interface 
dislocation  network  has  not  nucleated  in  any  of  the  samples,  even  for  the  thickest  ones.  The 
presence  of  regions  of  localized  strain  associated  with  this  modulation  has  been  taken  into 
account  to  explain  the  observed  behaviour. 
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ABSTRACT 

We  have  studied,  by  capaciunce-voltage  measurements  and  deep-level  transient  spectroscopy,  the 
electron  traps  present  in  l.Spm-thicIc  relaxed  n-IOQ 05Ga() 95AS  grown  by  molecular  beam 
epitaxy  (MBE)  on  an  n-GaAs  substrate.  We  Hiid  that  the  capacitance-voltage  data  indicate  a 
significant  decrease  in  the  effective  space-charge  coiKentration  in  the  InGaAs  close  to  the 
hetero-interface,  suggesting  the  presence  of  a  hi^  concentration  of  electron  traps  in  that  region. 
Our  DLTS  measurementt  indicate  two  elecuon-trapping  levels  in  the  Ino.OS^*0.9S^  hiyer,  one 
at  E^-0.S6eV  and  the  other  at  E^-O-SOeV.  The  shaltower  level  is  assi|^.  on' the  bads  of  iu 
concentration  profile  and  unusual  electron-capture  characteristics,  to  extended  defects  such  as 
dislocations,  and  we  have  elsewhere  repotted  strong  evidence  that  the  E^-O.SOeV  level  in  this 
MBE-grown  InGaAs  corresponds  to  the  EL2  defect  commonly  found  in  bulk-grown  GaAs.  We 
find  however  that  the  Ec-0.S6eV  and  E£-0.80eV  trap  concentration  profiles  cannot  account  for 
the  observed  carrier  depletion  near  the  Ioq  o5Gao  95As-GaAs  hetero-stnictwe  interface,  and 
propose  that  it  is  due  to  electron  trapping  on  oth»  dislocation-related  acceptor  levels  in  the 
lower  half  of  the  bandgap. 


1.  Introduction 

The  lattice  mismatched  ln,(Ga]_](As/GaAs  system  has  considerable  potential  for  the  fabrication  of 
electron  devices  such  as  high  electron  mobility  transistors  (HEI^s)  (I)  and  hetero-junction 
bipolar  transistors  (HBTs)  (2].  However,  the  difference  in  the  respective  lattice  consunts  means 
that  the  growth  of  In,^a].xAs  on  GaAs  can  proceed  pseudom^hicaliy  (with  the  mnmatcb 
uken  up  by  elastic  strain  in  the  In^Gai-xAs)  only  until  the  layer  reaches  a  certain  thickness, 
the  critical  thickness.  Thereafter,  the  In,^a|_,(As  relaxes  towards  its  bulk  lattice  constant  by 
plastic  rieforniation  via  dislocation  generation  with  a  consequent  degradation  of  material  quality 
{5].  Clearly  the  undersunding  of  electrical  degradation  of  In^ai-^As  is  of  great  irnpomnce 
for  the  future  growth  and  optimisation  of  practical  devices  in  the  InyCai-x^GaAs  system. 

Transmisuon  electron  microscopy  studies  of  relaxed  In|Ca]_^  on  GaAs  (4-7)  for  indium 
compositions  x  of  less  than  0.2S  have  shown  that  the  relaxation  of  strain  is  accompanM  by  the 
formation  of  misfit  dislocations  close  to  the  junction  of  the  two  mismatched  layers.  These 
misfit  dislocatioitt  may  be  produced  by  the  glide  of  threading  dislocations  inherited  from  the 
substrate  or,  if  the  denrity  of  threaders  is  low,  the  misflts  may  arise  from  the  nucleatioo  and 
subsequent  expamion  of  half-loops  at  the  surface  (8).  In  either  case,  the  process  of  dislocation 
glide  may  result  in  the  interaction  of  the  dislocations  with  other  defects,  either  point  defects  or 
extended  defecu,  and  the  generation  of  new  defect  structures.  Similarly,  disiocation  climb  may 
occur  non-conservatively,  with  the  disiocation  acting  as  a  sink  or  source  of  point  defects  (9). 

In  the  present  work  we  investigate  the  presence  of  electrically  active  defects  in  relaxed 
^"0.05^*0.95^  layers  conuining  dislocations. 


2.  Eqteifmenial  PioccAires 

The  Ino.osGao.^As  layer  used  in  this  study  rras  grown  by  molecular  beam  qiitaxy  (MBE)  at 
RSRE,  h^lverii,  Worcs,  UK,  in  a  Vacuum  Generators  VC  V80H  syMem.  Onto  a 
(lOO)-oriented  n'*-GaA$  substrate  (n  -  (5-9)xl0*‘^  cm~3)  were  deposited  in  succession  a  l.lTiun 
GaAs  buffer  layer,  a  1.5pm  thickness  of  liH).05^*0.9S^  Anally,  a  thin  (200A)  GaAs  cap 
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layer  tor  better  Schottky  contacting.  All  epitaxial  layers  were  silicon  doftd  to 
n  =  IxIO^^  cm~3.  The  buffer  layer  was  trown  at  a  substrate  temperature  of  580 ‘C,  with  the 
subsequent  layers  grown  at  S20'C  in  order  to  prevent  significant  indium  desorption.  Growth 
proceeded  at  1  monolayer/sec  under  a  group  V  to  group  III  flux-ratio  of  S:I. 

Ohmic  back  conucB  were  made  to  the  sample  by  alloying  tin  at  290*C  in  an  atmosphere  of 
HQ.  Prior  to  this,  the  samples  were  clean^  a  succeskm  of  rinses  in  an  ultrasonic  bath; 
firstly  in  methanol,  then  in  isopropyl  alcohol,  and  finally  in  distilled  water.  A  similar  rinse 
foilowed  the  ohmic  conucting  and.  after  a  brief  deoxidising  rinse  in  10%  HQ  solution.  1mm 
gold  Schottky  front  contacts  were  deposited  by  vacuum  evaporation  at  10~^  torr  ihrot^  a 
stainless  steel  mask.  The  reverse  breakdown  obuined  from  these  diodes  at  room  temperature 
was  often  greater  than  20V.  allowing  the  layer  to  be  depleted  as  far  as  the  sidistrate. 
Capaciunce-voittge  profiling  and  deep-level  transient  spectroscopy  (IH.13)  [10|  measurements 
were  made  using  a  computerized  dau  collectioo  system  employing  a  Boonton  72B  capacHance 
meter,  box-car  signal  analyser  and  dighal  transient  recorder. 


3.  Resulm  and  Dmcussion 

Figure  1  shows  the  effective  space-charge  concentration  N*  (as  obuined  from  the  C-V  dau  in 
the  usual  way)  in  the  epila^rs  as  a  function  of  depth  at  two  temperatures,  4MC  and  37SK. 
The  most  striking  feature  is  the  broad  dip  in  effective  space-charge  coocemration  at  the 
Ino,05Gaoq5As-GaAs  interface,  and  we  interpret  this  in  terms  of  a  Mgh  density  of 
-eleetm-trapping  defects  in  tins  r^ion.  It  is  to  be  noted  that  the  general  form  of  the  N'*' 
proHle  changes  little  betacen  the  two  temperances;  this  will  be  diKutsed  below. 


Fig.l  Effective  Sf»ce-*charge 
concentration  N'*'  as  a  function  of 
disunce  from  the  Schottky 
contact,  evaluated  from  1  MHz 
C-V  measurements  at  the 
temperatures  indicaud.  The 
Ing.ogCaQ  95As’<raAs  interface 
vms  at  l.Spm  from  the  Schottky 
conuct. 


Oijtsiscc  lf«m  Schetfkf  ceatsct  ffta) 


DLT5  measurements  at  40-3I0K  revealed  the  presence  of  two  cle^on  ttappii^  kveb  hi  die 
By  mrying  the  bias  conditions  (and  ther^ore  the  mcasurmnent  depfos) 
for  dhfeient  DLTS  sans,  h  was  apparent  dm  die  nn^tration  of  each  of  die  two  traps  vms 
stron^y  posidow-depewdent.  Figure  2.  showing  DLTS  spotra  for  die  various  bias  ondfoons 


Materials  Science  Forum  vols.  83-87 


1293 


indicated,  illustrates  this.  It  was  noted  that  the  290K  peak  appeared  at  slightly  lower 
temperatures  under  conditions  of  lower  bias  at  constant  pulse  height;  because  of  the  way  in 
which  the  depletion  depth  depends  on  applied  reverse  bias,  this  implies  an  enhanced  electron 
emission  under  higher  field  conditions. 


Temperature  (K) 

Fig.2  DLTS  spectra  for  different 
values  of  steady  reverse  bias  Vy 
and  filling  pulse  bias  Vp: 

(a)  Vr=-4V,  Vp=-2V; 

(b)  Vr=-8V,  Vl=-6V; 

(c)  Vr=-10V.  V-8V; 

(d)  Vr=-12V.  V^=-10V. 

The  emission  rate  window  was  set 
at  20.2s"l  and  the  filling  pulse 
duration  was  2ms. 


Fig.3  Arrhenius  plots  for  the 
two  DLTS  peaks  shown  in 
figure  2.,  Data  points  for  the 
EQ-0.56eV  peak  are  shown  for 
Vr=-8V,  Vp=-6V.  In  the  case 
of  the  ^-O.SOeV  peak,  the 
condition  Vf=-2V,  Vp=0V  was 
used. 


Arrhenius  plots  for  the  two  traps  under  the  field  conditions  marked  are  given  in  figure  3, 
yielding  trap  energies  of  (0.560  i0.006)eV  and  (0.796  ±0.006)eV  for  the  290K  peak  and  the  360K 
peak  respectively.  On  the  basis  of  the  emission  behaviour  of  the  Eg-0.80eV  trap  over  the 
In^Ca]_xAs  composition  range  0.05  <  x  <  0.20  in  this  and  other  samples,  and  because  of  the 
distinctive  photo-capacitance  quenching  that  we  observe,  we  have  argued  [11]  that  the 
Ej,-0.80eV  trap  is  due  to  the  weli-known  EL2  level,  not  previously  observed  in  MBE-grown 
InjjOaj  ...^As. 

We  have  studied  also  the  dependences  of  the  DLTS  amplitudes  of  the  two  peaks  on  the 
duration  of  the  electron-filling  pulse,  and  we  have  found  that  a  pulse  of  at  least  100ms  was 
required  to  fili  the  E{,-0.56eV  trap,  with  the  Eg-O.SOeV  (EL2)  level  filling  about  an  order  of 
magnitude  faster.  The  DLTS  peak  height  for  each  trap  is  plotted  as  a  function  of  the  filling 
pulse  duration  in  figure  4. 
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k  It  is  seen  in  figure  4  that  the  height  of  the  Eg-0.56eV  peak  is  approximately  proportional  to 

t  the  logarithm  oi  the  filling  duration  over  two  decades.  As  considered  by  Wosinski  [12],  such 

,  behaviour  is  characteristic  of  rows  of  defects  such  as  may  occur  at  dislocations;  the  mechanism 

of  the  effect  is  that  the  filling  rate  of  individual  traps  is  progressively  reduced  as  the  filling  of 

defects  on  the  row  changes  the  row's  electric  potential.  In  the  same  study,  Wosinski  described 
the  observation  by  DLTS  of  a  trapping  level,  EDI,  produced  by  plastic  deformation  of  bulk 
GaAs,  which  showed  just  such  a  characteristic.  Although  the  activation  energy,  0.68eV, 
obtained  for  EDI  in  that  study,  differs  from  our  value  of  0.56eV  for  the  290K  peak,  the 
similarity  of  the  electron -capture  behaviour  suggests  that  Wosinski 's  EDI  and  the  E(,-0.56  level 
of  the  present  study  may  involve  similar  defect  arrangements. 


Fig.4  DLTS  peak  height  as  a 
function  of  filling  pulse  duration 
for  the  Ec-0.56eV  level  (A) 
and  the  E(,-0.80eV  level  ( ^ ), 
measured  at  the  temperatures, 
290K  and  360K  respectively,  of 
the  centres  of  the  DLTS  peaks 
shown  in  figure  2.  For  each  set 
of  data,  the  DLTS  biasing 
conditions  were  Vj=“8V, 
Vp=-6V. 


Concerning  the  filling  of  the  Eg-O.SOeV  level,  which  we  identify  with  EL2  defects,  we  note  that 
measurements  that  we  have  made  on  VPE  n-GaAs  using  the  same  equipment  and  experimental 
arrangement  have  shown  essentially  complete  filling  of  EL2  centres  in  that  material  for  all  the 
filling-pulse  durations  for  which  data  are  shown  in  figure  4,  and  this  is  in  agreement  with  data 
for  EL2  in  VPE  n-GaAs  given  by  Mircea  et  al  [13],  However,  although  that  work  [13] 
reported  that  the  filling  of  EL2  traps  in  VPE  n-In^Gai-^As  was  slower  than  that  of  such 
centres  in  VPE  n-GaAs,  our  data  of  figure  4  show  that  many  of  the  EL2  traps  in  our  MBE 
^”0.05^*0.95^  were  filled  even  more  slowly.  We  suggest  that  some  or  all  of  the  EL2  centres 
in  our  Ino  ()5Gao.95As  were  present  near  other  electron  traps  (perhaps  related  to  dislocations), 
such  that,  like  the  Eg-0.56eV  trap,  their  rate  of  filling  by  electrons  was  reduced  by  the  effect 
!  of  nearby,  already  filled  traps. 

In  order  to  investigate  the  spatial  dependences  of  the  trap  concentrations,  further  DLTS  data 
^  were  taken  with  the  reverse  bias  during  the  emission  period  held  constant  at  12V  and  the  pulse 

I  height  changed  for  successive  DLTS  measurements.  For  12V  reverse  bias,  the  inner  boundary 

I  of  the  depletion  region  was  in  the  GaAs  buffer  layer  for  which  the  carrier  concentration  was 

I  well  known  and  fairly  constant  with  temperature.  This  experimental  procedure  therefore  enabled 

a  reasonably  accurate  study  of  the  trap  concentration  to  be  carried  out.  Because  of  the 
strongly  non-uniform  effective  space-charge  concentration  in  our  sample,  care  had  to  be  taken 


I 
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in  the  analysis  of  trap  concentration  data.  The  method  we  chose  for  determining  the  trap 
distribution  was  that  of  Lefevre  and  Schulz  [14],  employing  the  double  integration  of  the 
measured  space-charge  concentration  from  the  depletion  region  boundary  towards  the  Schottky 
contact  in  order  to  determine  the  points  at  which  the  trapping  levels  crossed  the  Fermi  level. 
For  each  of  the  two  traps,  the  peak  height  was  scaled  up  on  the  basis  of  figure  4  in  order  to 
compensate  for  insufficient  filling  time.  The  results  of  this  analysis  are  presented  in  figure  5. 
The  markedly  non-uniform  nature  of  the  calculated  profiles  suggests  that  neither  trap  is 
impurity-related;  a  formation  mechanism  based  on  dislocation  production  and  propagation  seems 
the  most  likely  origin  of  the  two  traps.  While  the  Eg-0.56eV  level  seems,  on  the  e^dence  of 
its  strongly  logarithmic  filling  characteristics  (figure  4),  to  be  related  to  dislocation  core  states, 
the  Eg-0.80eV  level  may  be  produced  by  a  dislocation  climb  mechanism  such  as  that  proposed 
by  Figielski  [ISj. 


Fig. 5  Trap  concentration  for  the 
Ec-0.56eV  level  (A)  and  ‘^e 
Ec-0.80eV  level  (A)  as  a 

function  of  distance  from  the 
Schottky  contact.  The  concen¬ 

trations  were  determined  from  the 
DLTS  data  by  the  method 

outlined  in  the  text.  The 

^no  interface 

was  at  l.Spm  from  the  Schottky 
contact. 


Distance  from  Schottky  contact  (pm) 


In  order  to  test  whether  band  bending  at  the  InGaAs/GaAs  conduction  band  discontinuity  caused 
any  serious  analytical  problems,  we  have  developed  a  numerical  computer  program  similar  to 
that  which  Jeong  et  al  [16]  used  for  C-V  simulation,  but  with  provision  for  a  DLTS  bias  pulse. 
It  was  found  that,  for  traps  having  energy  levels  similar  to  those  which  we  observe,  the 
difference  in  peak  heights  due  to  the  expected  conduction  band  discontinuity  of  O.OSeV  was 
within  the  uncertainty  limits  of  our  experimental  determination  of  trap  concentrations. 

Clearly  the  evidence  of  figure  5  suggests  that  the  two  levels  that  we  detect  by  DLTS  are  not, 
on  their  own,  sufficient  in  concentration  to  produce  the  large  dip  in  N'*'  shown  in  figure  1. 
Considering  also  the  fact  that  the  N"*"  plot  of  figure  1  changes  ’  little  in  form  between  the  two 
measurement  temperatures,  we  can  reasonably  conclude  that  the  N"*"  dip  is  likely  to  be  largely 
due  to  compensation  by  acceptor  levels  in  the  lower  half  of  the  band-gap.  Such  electron  traps 
would  not  be  observable  by  the  standard  DLTS  technique  because  of  the  high  temperature  that 
would  be  needed  for  emission  of  the  trapped  electrons  to  the  conduction  band.  Evidence  for 
the  creation  of  electron  traps  below  mid-gap  has  been  reported  in  studies  of  plastic  deformation 
in  GaAs  [17-19]. 

As  is  shown  in  figure  5,  our  analysis  shows  no  evidence  that  the  two  traps  are  present  in  the 
OAum  region  of  InGaAs  nearest  to  the  hetero-interface.  loannou  et  al  [20]  have  reported  a 
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similar  observation  on  MBE-grown  indium-doped  (0.6%)  GaAs  for  the  grown-in  traps  Ml,  M3 
and  M4;  the  apparent  absence  of  those  traps  from  the  dislocation  zone  was  suggested  to  be  a 
consequence  of  point  defect  absorption  during  the  non-conservative  climb  of  dislocations  in  that 
region.  In  the  case  of  the  present  work,  this  would  seem  an  unlikely,  though  not  impossible, 
mechanism  if  we  are  to  argue  that  the  defects  are  created  by  dislocation-related  processes  in 
the  first  place.  Fermi  level  pinning  on  deep  traps  of  concentration  greater  than  or  of  the 
order  of  10^®  cm"^  at  or  near  the  interface  would  seem  to  be  a  more  likely  explanation  for 
the  apparent  non-appearance  of  our  two  levels  in  that  region.  This  process,  similar  to  that 
observed  by  Woodall  ee  al  [21],  would  mean  that  any  E(,-0.56eV  and  Ec-0.80eV  levels  near  the 
InGaAs-GaAs  interface  would  be  held  above  the  Fermi  level  for  any  given  reverse  bias  and 
therefore  would  not  be  filled  by  the  conventional  DLTS  technique.  It  must  be  stressed,  though, 
that  no  rectification  attributable  to  the  hetero-interface  has  been  observed  for  our  samples.  In 
addition,  the  good  agreement  of  the  N"*"  data  of  figure  1  with  the  interface  position  indicates 
that  there  can  be  no  large  series  capacitance  effect  arising  from  the  InGaAs-GaAs  interface. 

In  conclusion,  we  observe  by  DLTS  the  presence  of  two  electron-trapping  levels,  at  Ec-0.56eV 
and  E(.-0.80eV,  in  Ino.os^^O.QS'^  MBE-grown  on  GaAs,  and  suggest  that  these  levels  arise 
from  dislocation-related  defect  processes.  However,  the  measured  total  concentration  of  the 
defects  is  insufficient  to  produce  the  observed  strong  dip  in  the  effective  space-charge 
concentration  N"*"  near  the  InGaAs-GaAs  interface,  and  we  propose  that  that  reduction  in  N"*"  is 
due  mainly  to  additional  acceptor  traps,  arising  from  misfit  dislocations  and  having  energy  levels 
in  the  lower  half  of  the  band  gap. 

This  work  was  carried  out  in  a  research  collaboration  between  the  Physic.s  and  Astronomy 
Division  of  the  University  of  Sussex  and  the  Strained  Layers  Structures  Group  of  the  University 
of  Surrey,  and  vre  acknowledge  the  financial  support  of  the  UK  Science  and  Engineering 
Research  Council. 
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ATOMIC  ORDERING  IN  (110)InGaAs  AND  ITS  INFLUENCE 
ON  ELECTRON  MOBILITY 

O.  UEDA  AND  Y.  NAKATA 

Fujitsu  Laboratories  Ltd.,  10-1  Morinosato-Wakamiya,  Atsugi  243-01,  Japan 


ABSTRACT 

Atomic  ordering  in  InGaAs  grown  on  (110)  InP  substrates  by  molecular  beam  epitaxy,  has  been 
studied  by  transmission  electron  microscopy.  In  the  electron  diffraction  pattern  from  the  InGaAs, 
superstructure  spots  associated  with  CuAu-I  type  ordered  structure  are  found.  When  the  tilting 
angle  of  the  subsfrates  increases,  the  ordering  b^omes  stronger.  The  ordering  is  also  stronger  in 
crystals  grown  on  substrates  tilted  toward  the  <001>  or  the  <00T>  direction  than  those  on  substrates 
tilted  toward  the  <1I0>  direction.  From  these  results,  one  can  conclude  that  atomic  steps  on  the 
growth  surface  play  an  important  role  in  the  formation  of  ordered  structures.  The  ordering  becomes 
stronger  when  the  growth  temperature  increases  in  the  range  360-48S°C.  In  high  resolution  images 
of  the  crystal,  doubling  in  periodicity  of  220  and  200  lattice  fringes  is  found,  which  is  associated 
with  CuAu-I  type  ordered  structure.  Moreover,  anti-phase  boundaries  are  very  often  observed  in  the 
ordered  regions.  It  is  also  found  that  ordering  is  not  perfect,  and  that  ordered  regions  are  plate-like 
microdomains  lying  on  planes  slightly  tilted  from  the  (110)  plane.  We  have  fabricated  InGaAs/N- 
InAlAs  heterostructures  with  a  strongly  ordered  InGaAs  channel  layer.  The  measured  two- 
dimensional  electron  gas  mobilities  from  these  structures  are  found  to  be  100,000  cm^A^s  in  the 
<001>  direction  and  161 ,000  cm^A^s  in  the  <1 10>  direction  with  a  sheet  electron  concentration  (N,) 
of  9.5  X  10**  cm'2  at  6  K.  The  latter  mobility  is  much  higher  than  both  calculated  alloy  scattering 
limited  mobility  and  the  best  experimental  results  for  lattice-matched  InGaAs/N-InAlAs  systems. 
The  mobility  enhancement  in  the  <1 10>  direction  is  considered  to  be  achieved  by  the  suppression  of 
alloy  scattering  due  to  the  occurrence  of  ordering  in  the  InGaAs  channel  layer. 


1.  Introduction 

In  most  III-V  alloy  semiconductors,  phase  separation  due  to  bulk  and/or  surface  spinodal 
decomposition  [1-3]  and  atomic  ordering  on  the  growth  surface  [4-14],  are  major  issues  for  thermal 
stability  of  the  crystals.  In  particular,  atomic  ordering  in  alloy  semiconductors  grown  on  (001) 
substrates  has  been  extensively  studied  [4-14],  In  most  cases,  the  observed  ordered  structure  is  of 
CuPt  type  in  which  sublattice  ordering  occurs  on  the  (1 1 1)  planes  with  doubling  in  ^odicity  [4- 
12].  It  has  also  been  confirmed  that  ordered  (001)  InGaP  has  band  gap  energies  50-80  meV  smaller 
than  those  in  non-ordered  crystals  [6-8],  being  very  consistent  with  theoretietd  calculations  [15].  On 
the  other  hand,  as  previously  reported  by  Kuan  et  al.  [13,14],  a  CuAu-I  type  ordered  phase  is 
present  in  AlGaAs  [13]  and  InGaAs  [14]  crystals  grown  on  (1 10)  substrates.  However,  they  have 
only  shown  transmission  electron  diffraction  (TED)  patterns  corres]ronding  to  CuAu-I  structure.  In 
this  paper,  we  describe  a  more  detailed  transmission  electron  microscopic  (TEM)  study  on  the 
microstructure  of  ordered  InGaAs  grown  on  (1 10)  InP  substrates  by  molecular  team  epitaxy  (MBE). 
We  also  report  a  strong  enhancement  of  electron  mobility  at  low  temperature  due  to  the  ordering. 


2.  Experimental  procedures 

Undoped-InGaAs  crystals  grown  on  (110)  InP  substrates  by  MBE,  are  examined  in  this  study. 
Crystals  are  grown  on  (1 10)  just  InP  substrates,  or  InP  substrates  tilted  toward  the  <001>,  <(X)T>  or 
<1I0>  direction,  and  at  36()-450‘’C.  During  growth,  substrates  are  rotated  so  as  to  achieve  good 
uniformity  in  composition,  thickness  and  carrier  concentration.  V/UI  partial  pressure  ratios  are  kept 
at  400  or  60  (only  crystals  grown  on  substrates  tilted  toward  the  <001>  direction).  The  epi-layers 
are  approximately  1.0  pm  thick.  The  lattice-mismatch  between  the  InGaAs  layer  and  the  InP 
substrate  is  within  ±1  x  10-3.  Thin  specimens  for  TEM  are  prepared  by  chemical  etching  for  plan- 
view  observation  and  by  ion  milling  for  cross-sectional  observation.  TEM  observation  is  carried  out 
in  an  ABT  (or  ISI)  ultra-high  resolution  analytical  electron  microscope  EM-002B  operated  at  200  kV. 
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3.  Results  and  discussion 

3.1  Identification  of  CuAu4  type  structures  by  TED  and  substrate  orientation 
dependence  of  the  degree  of  ordering 

Figures  1(a)  and  1(b)  shew  TED  patterns  from  a  (110)  plan-view  and  a  (110)  cross-section  of 
InGaAs  crystal  grown  on  u  (110)  InP  substrate  3“  tilted  toward  the  <110>  direction.  In  both 
figures,  supersUticture  spots  are  observed  at  positions  indexed  as  (X)l,  110,  110,  112,  112,  ...etc. 
This  particular  set  of  superstructure  spots  are  associavcd  with  CuAu-I  type  ordered  structure  [1,10]. 
In  this  structure,  Ga  atoms  preferentially  occupy  the  (0,  0, 0)  and  (1/2,  1/2,  0)  sites  and  In  atoms 
preferentially  occupy  the  (1/2,  0,  1/2)  and  (0,  1/2,  1/2)  sites  in  each  unit  cell.  Therefore,  a 
perfectly  ordered  InGaAs  crystal  consists  of  alternating  InAs  and  GaAs  monolayers,  i.e., 
(InAs)i/(GaAs)i  monolayer  su^rlattices,  when  viewed  along  either  the  <1 10>  growth  direction  or 
the  <00 1>  direction  .  It  should  be  noted  that  the  superstructure  spots  shown  in  Fig.  1(b)  pe 
extremely  streaky,  and  that  the  streaks  are  "S"-shaped,  slightly  tilting  from  the  [1 10]  direction,  which 
is  also  observed  in  the  TED  patterns  from  (1 10)  cross-sections  of  ordered  InGaP  (CuPt-type) 
crystals  grown  on  (001)  GaAs  tilted  substrates.  This  may  be  due  to  either  (1)  presence  of  anti¬ 
phase  boundaries  in  the  ordered  region  or  (2)  the  fact  that  ordered  regions  are  plate-like 
microdomains  (see  Fig.  S),  although  computer  simulations  are  required  to  resolve  this  issue. 

Figures  2(a)-2(c)  show  TED  pattert.s  from  plan-views  of  InGaAs  crystals  grown  on  (1 10)  InP 
substrates  with  different  tilting  angles,  0“,  3“  and  S®,  toward  the  <001>  direction.  In  crystals  grown 
o:;  a  (110)  just  InP  substrate  (Fig.  2(a)),  the  intensity  of  superstructure  spots  is  very  weak, 
indicating  very  weak  ordering.  However,  when  a  substrate  tilted  3°  toward  the  <001>  direction  is 
used,  the  ordering  becomes  stronger  as  shown  in  Fig.  2(b).  Furthermore,  the  ordering  becomes 
much  stronger  in  a  crysH  grown  on  a  substrate  tilted  5'  toward  the  <00 1>  direction  (Fig.  2(c)). 
Since  tilting  of  the  substrate  orientation  toward  the  <001>  or  the  <00T>  direction  introduces  periodic 
arrays  of  steps  on  the  substrate  surface,  one  can  conclude  that  atomic  steps  on  the  growth  surface 
play  an  important  role  in  the  formation  of  the  ordered  structures.  It  is  also  established  that  the 
ordering  is  stronger  in  crystals  grown  on  substrates  tilted  toward  the  <001>  or  the  <00T>  direction 
than  those  on  substrates  tilted  toward  the  <1 10>  direction.  This  may  be  explained  as  follows:  when 
the  (110)  surface  is  tilted  toward  the  <001>,  the  steps  are  very  straight,  giving  rise  to  strong 
ordering,  but  wavy  steps  with  many  kinks  are  formed  when  the  (1 10)  surface  is  tilted  toward  the 
<1 10>,  rather  eliminating  the  ordering  (in  the  latter  case,  only  kinks  can  enhance  the  ordering). 


Fig.  1  A  TED  pattern  from  a  plan-view  and  a  cross-section  of  InGa  \s  ciystal  grown  on  a 
(110)  InP  substrate  3°  tiUed  toward  the  <1 10>  direction  (Tgs^  85°C). 

(a)  (110)  planview;  (b)  (1 10)  cross-section. 
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Fig.  2  TED  patterns  from  plan-view  of  InGaAs  layers  grown  on  substrates  with  different 

tilting  angles  (Tg=480®G).  ..  .  ,0  j  u 

(a)  (110)  just  InP  substrate;  (b)  (1 10)  InP  substrate  ultcd  3®  toward  the  <001> 
direction;  (c)  (1 10)  InP  substrate  tilted  5®  toward  the  <001>  direction. 


3.2  Growth  temperature  dependence  of  the  degree  of  ordering 


In  order  to  clarify  the  influence  of  growth  temperature  on  the  generation  of  ordered  structure,  we 
grew  InGaAs  crystals  on  (110)  InP  substrates  3®  tilted  toward  the  <110>  direction,  at  vanous 
femperatures  in  a  range  435-485®C.  From  TED  analysis,  it  was  found  that  in  Ais  tempmmre  rwge. 
the  degree  of  ordering  increases  with  growth  temperature.  Figures  3(a)  ^  3(b)  show  TCD  patterns 
from  (1 10)  cross-sections  of  InGaAs  crystals  grown  at  435®C  and  485  C,  respectively.  An^er 
TED  analysis  has  been  carried  out  on  crystals  grown  on  substrates  tilted  towards  the  <wi> 
direction.  It  has  also  been  found  that  degree  of  ordering  increases  with  an  increase  in  growth 
temperature  in  the  range  of  360-450®C.  These  findings  can  be  explained  by  the  fact  that  the  mobility 
of  deposited  atoms  on  the  growth  surface  also  increases  with  temperature  and  that  the  generation  ot 
order^  structures  is  thought  to  be  strongly  related  to  the  migration  and  reconstruction  of  deposited 
atoms  [4,8]. 


Fig.  3  TED  patterns  from  (1 10)  cross-sections  of  InGaAs  crystals  grown  on  (1 10)  InP  tilted  3 
toward  the  <1 10>  direction  at  435  and  485®C. 

(a)Tg=435®C;  (b)Tg=485®C. 
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3.3  Microstructural  characterization  of  CuAu-I  type  structure 

High  resolution  lEM  analysis  was  carried  out  to  evaluate  the  ordered  structure  on  an  atomic  scale. 
Figure  4  shows  a  typical  high  resolution  TBM  image  of  ordered  InGaAs  grown  on  a  (110)  InP 
substrate  3°  tilted  toward  the  <00T>  direction.  Doubling  of  the  (X)2  (see  0ovvs  denoted  by  X1-X3) 
and  the  220  (see  arrows  denoted  by  ¥(-¥4)  lattice  fringes^  which  is  associated  with  tlte  CuAu-I  type 
structure,  is  Observed  locally,  suggesting  that  the  crystal  consists  of  bofc^elf  ordered  and  non- 
ordered  regions.  It  should  te  emphasized  that  planar  defects  are  often  observed  in  high  resolution 
images,  e.g.,  the  region  denoted  by  APB,  where  a  phase-shift  ofthe  0()2  lattice  fringes  is 


Fig.  4  A  high  resolution  TEM  image  of  ordered  InGaAs  crystal. 


observed.  These  are  expected  to  be  anti-phase  boundaries  as  suggested  by  Kuan  et  al.  [16].  In  a 
(001)  cross-section  high  resolution  TEM  image,  doubling  of  both  the  220  and  the  220  lattice  fringes 
is  observed.  From  computer  simulation  of  CuAu-I  type  structure  in  InGaAs  [16],  it  has  been  found 
that  the  position  of  In-As  pairs  exhibits  a  brighter  spot  than  that  of  Ga- As  pairs  at  an  optimum  focus 
condition  (Af=-38  nm,  thickncss=8-25  nm). 
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In  order  to  clarify  the  cross-sectional  shape  of  the  ordered  region,  a  dark  field  image  was  taken 
directly  from  one  of  the  superstructure  spots,  as  shown  in  Fig.  5.  In  this  image  brighter  regions  are 
ordered  since  the  intensity  is  associated  with  only  the  superstructure  spot.  It  is  found  that  the 
ordered  regions  are  plate-like  micodomains  2-4  nm  thick,  lying  on  a  plane  slightly  tilted  from  the 
(110)  plane.  TTiese  results  are  very  consistent  with  the  "streaky"  superstruture  spots  and  tilting  of 
the  streaks  in  the  TED  pattern.  On  the  basis  of  these  results,  it  is  considered  that  the  generation  of 
CuAu-I  type  structure  takes  place  by  i)  migration  of  deposited  atoms  on  the  growth  surface,  and  ii) 
rearrangement  of  migrating  atoms  from  the  step  edges  over  two  atomic  layers. 


3.  4  Enhancement  of  two-dimensional  electron  gas  mobility  in  InGaAs/N-InAIAs 
heterostructures 

In  order  to  investigate  the  electrical  properties  of  ordered  (1 10)  InGaAs,  we  studied  two-dimensional 
electron  gas  (2DEG)  mobility  in  InGaAs/N-InAlAs  heterostructurcs  with  a  strongly  ordered  InGaAs 
layer.  We  grew  selectively  doped  InGaAs/N-InAlAs  heterostructures  on  (1 10)  InP  substrates  3®  and 
5®  tilted  toward  the  <00T>  direction.  These  heterostructures  consist  of  a  600  nm-thick  undoped 
InAlAs  buffer  layer,  a  600  nm-thick  undoped  InGaAs  channel  layer,  a  10  nm-thick  undoped  InAlAs 
spacer  layer,  a  90  nm-thick  Si-doped  InGaAs  cap  layer  with  a  carrier  concentration  of  3  x  10^'^  cm*^, 
and  a  10  nm-thick  Si-doped  InGaAs  cap  layer  with  a  carrier  concentration  of  3  x  10*“^  cm'^.  The 
2DEG  mobility  and  sheet  electron  concentration  (Ns)  are  plotted  as  a  function  of  temperature  in  Fig. 
6.  The  2DEG  mobility  is  highly  anisotropic:  in  the  <001>  direction,  the  mobility  (denoted  by  closed 
squares)  saturates  at  100,000  cm^/Vs  and  is  comparable  to  that  in  the  sample  grown  on  a  (001) 
substrate  (see  broken  line),  while  in  the  <110>  direction,  the  mobility  (denoted  by  closed  triangles 
and  closed  circles)  is  much  higher  than  the  alloy  scattering  limited  mobility  calculated  at  N,  of  1  x 
10^2  cm*2  by  Takeda  [17]  (denoted  by  an  arrow),  at  lower  temperatures.  The  2DEG  mobility  in  the 
<110>  direction  in  a  sample  grown  on  3®  tilted  substrate  reached  161,000  cm^/Vs  with  N$  of  9.5  x 
1011  cm-2  at  6  K  (101,000  cm^/Vs  with  Ns  of  9.6  x  lOH  cm-*  at  77  K).  This  is  the  highest 
mobility,  to  our  knowledge,  ever  repotted  for  lattice-matched  InGaAs/N-InAlAs  heterostructure 
systems.  This  mobility  enhancement  in  the  <Tl0>  direction  is  considered  to  be  caused  by  the 
suppression  of  alloy  scattering  due  to  the  formation  of  CuAu-I  ordering  in  the  InGaAs  channel  layer. 
On  the  other  hand,  the  2DEG  mobility  in  the  <001>  direction  compares  with  that  of  the  non-ordered 
sample.  The  difference  in  the  2DEG  mobility  in  different  directions  could  be  explained  as  follows: 
Since  the  plate-like  ordered  and  disordered  regions  are  stacked  on  nearly  the  (1 10)  plane  on  the  tilted 
substrates,  stripes  of  ordered  and  disordered  regions  are  formed  along  the  <110>  direction  at  the 


1  10  100  1000 
Temperature  (K) 

Fig.  6  Temperature  dependence  of  the  2DEG  mobility  and  the  sheet  electron  concmtration  in  the 
<Tl0>  and  <001>  directions  in  selectively  doped  InGaAs^-InAlAs  heterostructures  grown 
on  (1 10)  InP  substrate  3®  and  5®  tilted  toward  the  <00T>  direction. 
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InGaAs  side  of  the  hetero-intetface  where  the  2DEG  accumulates.  Thus,  along  the  <001>  direction, 

i.e.,  nonnal  to  the  stripes,  electrons  travel  across  the  disordered  regions.  Along  the  <TlO> 
direction,  i.e.,  parallel  to  the  stripes,  the  2DEG  formed  in  both  the  ordered  and  disordered  regions 
move  along  the  stripes.  The  electrons  in  the  ordered  regions  should  be  unaffected  by  alloy  scattering 
in  the  disc^ered  regions. 

The  highest  obtained  2DEG  mobility  in  the  <1 10>  direction,  however,  is  lower  than  the  theoretical 
prediction  in  an  alloy-scatter-riee  (In  As)i(GaAs)i  MSL  [17].  One  of  the  reasons  for  this  is  that  the 
InGaAs  layers  are  not  completely  order^  even  in  the  <IlO>  direction.  .Moreover,  the  ordered 
regions  include  many  anti-phase  boundaries.  The  2DEG  mobility  in  the  <1 10>  direction  could  be 
improved  by  reducing  the  number  of  such  boundaries. 


4.Conclusions 

We  have  studied  in  detail  atomic  ordering  in  MBE-grown  InGaAs  crystals  on  (1 10)  InP  substrates  by 
TEM.  First,  the  existence  of  CuAu-I  type  structure  in  the  crystal  was  conrirmed  from  TED 
analyses.  We  have  found  that  when  the  tilting  angle  of  the  substrates  increases,  the  ordering 
becomes  stronger.  It  is  also  shqwn  that  the  ordering  is  stronger  in  crystals  grown  on  substrates 
tilted  toward  the  <001>  or  <00l>  direction  dian  those  on  substrates  tilted  toward  the  <ll0> 
direction.  From  these  results,  it  is  concluded  that  atomic  steps  on  the  growth  surface  play  an 
important  role  in  the  formadon  of  otdered  structures.  The  ordering  also  becomes  stronger  when  the 
growth  temperature  increases  in  the  range  360-48S°C.  In  high  resolution  images  of  the  crystal, 
doubling  in  periodicity  of  220  and  200  lattice  fringes  is  found,  which  is  associated  with  CuAu-I  type 
structure.  Moreover,  APB's  are  very  often  observed  in  the  ordered  regions.  It  is  also  found  that 
ordering  is  not  perfect,  and  that  ordet^  regions  are  plate-like  microdomains  lying  on  planes  slightly 
tilted  ftom  the  (1 10)  plane.  We  have  fabricated  InGaAs/N-InAlAs  heterostructures  with  a  strongly 
ordered  InGaAs  channel  layer.  The  measured  2DEG  mobilities  from  these  structures  are  found  to  be 
100,000  cm2/Vs  in  the  <001>  direction  and  161,000  cm^/Vs  in  the  <n0>  direction  with  a  sheet 
electron  concentration  (N|)  of  9.5  x  10*  *  cm'^  at  6  K.  The  <T  10>  mobility  is  much  higher  than  both 
calculated  alloy  scattering  limited  mobility  and  the  best  experimental  results  for  lattice-matched 
InGaAs/N-InAlAs  systems.  The  mobility  enhancement  in  the  <1 10>  direction  is  considered  to  be 
achieved  by  the  suppression  of  alloy  scattering  due  to  the  occurrence  in  the  InGaAs  channel  layer. 
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ABSTRACT 

We  report  on  the  results  of  an  experimental  study  of  the  diffusion  of  boron  and 
phosphorus  in  Sio.7Geo.3  ailoys  for  temperatures  between  800  and  1050°C.  When  the 
dopant  concentration  is  lower  than  the  intrinsic  carrier  concentration  at  the  diffusion 
temperature,  the  diffusion  has  a  simple  Fickian  behavior.  The  corresponding  intrinsic 
diffusivities  have  an  activation  energy  of  1.62  eV  for  P,  and  1.79  eV  for  B.  On  the  other 
hand,  at  high  concentration,  the  diffusion  profiles  of  P  are  similar  to  what  is  observed  in 
pure  Si,  with  "kink  and  tail"  shapes.  The  high  concentration  B  profiles  are  unsymmetrical, 
with  a  pronounced  shoulder  on  the  near  surface  side.  These  observations  suggest  that 
the  diffusion  of  these  dopant  atoms  in  SiGe  ailoys  involves  rather  complex  couplings  with 
the  iattice  point  defects,  as  in  the  case  of  diffusion  in  pure  Si. 


1.  Introduction 

In  the  last  years  a  lot  of  efforts  have  been  made  to  develop  new  devices  taking 
advantages  of  the  heterojunction  formed  between  silicon  and  silicon-germanium  ailoys. 
This  has  lead  to  a  strong  renewal  in  studies  of  the  properties  of  these  alloys  (s  je,  e.g.,  [1] 
for  a  recent  overview).  However  most  of  these  studies  deal  with  the  electrical  or  optical 
properties  of  the  SiGe  alloys.  Although  the  fabrication  of  performing  devices  would 
probably  involve  doping  of  the  material,  there  is  to  our  knowledge  no  data  concerning 
the  diffusivity  of  impurities  in  SiGe  materials. 

In  addition  to  the  technological  interest  reported  above,  the  study  of  dopant  diffusion  in 
SiGe  alloys  may  also  have  a  more  fundamental  aspect.  Indeed,  the  basic  mechanism  of 
diffusion  of  dopant  impurities  in  group  IV  semiconductors  is  still  controversial.  Whereas  it 
is  now  widely  accepted  that  diffusion  in  Ge  is  mediated  via  single  vacancies,  there  is  no 
consensus  yet  on  the  majority  point  defect  responsible  for  diffusion  in  Si.  Thus  it  is 
possible  that  the  study  of  dopant  diffusion  in  SiGe  alloys  could  give  some  useful 
informations,  and  then  help  to  solve  the  remaining  question. 

The  aim  of  this  work  was  thus  to  perform  an  experimental  study  of  the  diffusion  of 
phosphorus  and  boron  in  Sio.7Geo.3,  in  the  800-1 temperature  range. 


2.  Experlmonts 

For  this  study  we  used  ojmmercial,  thick  (10pm)  epitaxial  layers  of  SiGe  alloys  grown  on 
(100)  Si  substrates  by  chemical  vapor  deposition.  The  SiGe  layers  were  p-type  doped, 
with  a  boron  a)ncentration  of  the  order  of  10^^  cm-^.  The  Ge  content  was  measured  by 
Rutherfoid  Bade  Scattering  (RBS).  and  was  found  to  be  0.30±0.01 . 
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For  thick  epitaxial  layers,  the  strain  arising  from  the  difference  in  the  lattice  parameters  is 
accommodated  by  the  generation  of  an  interfaciai  dislocation  array.  These  misfit 
dislocations  can  also  induce  some  threading  dislocations  which  could  extend  across  the 
whole  epitaxial  layer.  These  dislocations,  acting  as  altemative  paths,  could  possibly 
affect  the  dopant  diffusion  behavior  in  our  samples^  However  DLTS  measurements 
performed  on  the  surface  of  our  epitaxisri  layers  failed  to  detect  any  signal  which  could  be 
attributed  to  extended  defects,  whereas  the  same  measurements  made  after  chemically 
etching  the  top  5  pm  reveal  the  presence  of  such  defects.  This  indicates  that  any  existing 
dislocations  are  confined  in  the  first  micrometers  near  the  epitaxial  layer/substrate 
interface,  and  do  not  extend  up  to  the  surface  of  the  samples.  We  believe  thus  that  our 
results  are  representative  of  the  diffusion  behavior  in  bulk  Sio.7Geo.3. 

Dopants  were  introduced  into  our  samples  by  ion  implantation  at  an  energy  of  300  keV, 
with  doses  of  3x10^3  and  3x10^5  cm'2  In  order  to  minimize  channeling  effects,  the 
implantations  were  performed  in  a  random-like  direction,  the  wafers  being  tilted  from  the 
(100)  normal  direction.  The  wafers  were  then  cut  in  individual  samples  which  were  | 
isothermally  annealed  in  a  conventional  furnace  under  pure  argon  flow.  The  anneals  | 
were  performed  between  800  and  1050  "C,  for  times  varying  between  30  minutes  and  4  | 

hours.  The  temperature  was  kept  constant  at  ±  I^C  during  the  anneals,  the  absolute  | 

temperature  accuracy  being  of  the  order  of  S^C.  i 

i 

The  dopant  profiles  were  analyzed  by  Secondary  Ion  Mass  Spectroscopy  (SIMS),  with  a 
CAMECA  IMS  4F  apparatus.  The  depth  calibration  was  obtained  by  measuring  the  crater  j 
depth  at  the  end  of  the  analysis,  and  assuming  a  constant  erosion  rata.  The  absolute 
concentrations  were  calculated  by  comparison  between  the  measured  integrated  doses 
and  the  implanted  ones. 


3.  Results 

We  have  found  that  the  as-implanted  profiles  are  well  described  by  simple  Gaussian 
curves.  The  corresponding  parameters  (mean  projected  range  and  standard  deviations) 
are  given  in  Table  I.  The  given  values  are  the  average  between  several  experimental 
profiles. 


TABLE  I :  Distribution  parameters  for  ion  implanted  B  and  P  in  Sifyfiefl^ 


impurity 

Rp(pm) 

a  (pm) 

Boron 

0.730 

0.106 

Phosphorus 

0.370 

0.101 

In  these  conditions,  the  profiles  obtained  after  diffusion  for  a  time  t  should  be  also 
Gaussian  curves,  if  the  diffusivity  D  is  constant.  The  standard  deviation  o’  measured  after 
diffusion  is  linked  to  the  initial  value  o  through  the  relationship ; 

o’**o*  +  2D.t  (1) 

As  illustrated  in  Rgure  1  in  the  case  of  phosphorus,  this  simple  behavior  is  obtained  for 
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Figure  1  :  P  profiles  for  the  3x10^® 
implants,  (a)  asHmplanted.  (b)  after  30 
min  at  950^ 


Figure  2  :  Intrinsic  (fiffushrities  of  P  and  B 
in  Sio.TGoo.s 


the  redistribution  profiles  corresponding  to  the  lowest  implantation  dose.  For  these  low 
dose  implants,  the  maximum  dopant  concentrations  are  lower  than  the  intrinsic  carrier 
concentration  in  the  whole  temperature  range  {2],  and  then  Equ.(1)  allows  the 
determination  of  the  intrinsic  dopant  diffusivity  in  Sio.7ueo.3.  simply  from  the  broadening 
of  the  Gaussian  profile.  It  is  known  that  ion  mixi^  during  SIMS  analysis  induces  a 
broadening  of  the  measured  profiles.  However,  tNs  'instrumentaT  broadening  can  be 

described,  in  first  order,  as  a  Gaussian  broadening  of  standard  deviation  o),  such  that  the 
measured  standard  deviation  Om  is  given  by ; 

(2) 

Thus,  by  making  the  difference  between  the  standard  deviations  measured  on  ttie  as- 

implanted  and  diffused  profiles,  the  of  tenn  cancels.  The  measured  profile  broadening  is 
then  the  actual  value  of  2Dt 

The  corresponding  values  of  the  intrinsic  P  and  B  rfffusivities  are  plotted  in  Figure  2,  and 
the  temperature  variations  are  well  described  by  the  Arrhenius  laws : 

P:  Di»  3.7x1 0*^exp(-1.62/kT)  cm^s-^  (3a) 

B:  Di»  3.6x10*7  exp(-1.79/kT)  cm^s*’  (3b) 


Let  us  note  that,  due  to  the  rather  limited  temperature  range  investigatod.  the  wror  on  the 
activation  energy  could  be  rather  large,  probably  of  the  order  of  a  fow  tenths  of  eV. 

On  the  other  hand  the  profiles  measured  for  the  highest  dose  are  more  oonyricaled,  as 
shown  on  Rgures  3  and  4.  In  the  case  of  phosphorus,  for  not  too  high  temper^res,  the 
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RguM  a  ?  p  profiiM  for  the  ftdOis  implants, 
(a)  a$*impfonted,  (b)  after  ISO  min  at  828*C. 
and  (c)  after  30  min  at  1000*C 
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Figure  4  :  B  profiles  for  the  3x10^5 
impianis.  (a)  after  45  min  at  903H).  and 
(b)  sAer  20  min  at  1050*C 


profiles  exhibit  a  Idnk  and  tair  shape  analogous  to  wtiat  is  observed  in  pure  silicon 
(R0-3b).  In  the  case  of  boron,  highly  unsymmetricai  profiles  are  observed,  with  the 
formation  of  a  pronounced  shoulder  in  the  near  surface  side  of  the  profiles  (rig.4a).  At 
higher  temperatures  (Figs.3c,  4b),  the  larger  dopant  redfotriMilions  lead  to  more  regular 
profiles,  although  these  profilM  can  no  lor^  be  described  by  simple  Gaussian  curves. 


4.  Diaciiasion 

Rrst  of  all  we  woidd  Ike  to  emphasize  that  the  dHfUsfon  anomafies  observed  at  high 
dopant  concentration  are  probifoiy  not  Inked  to  problems  caused  by  reskfoai  ion 
implanudion  related  defects.  AMKxigh  such  defects  can  pfiqr  a  role  for  short  time 
dHfusions,  we  beleve  that  they  are  negigfoie  in  our  case,  indeed,  the  melting  point  of 
the  Sio.7Qeo4  aloy  is  about  1485  K.  to  be  compared  to  a  value  of  1685  K  for  pure  Si. 
Then,  a  sc^ng  with  respect  with  thMe  melting  points  indfoates  that  the  850-900*0 
temperature  range  where  we  obsenre  the  highest  profile  anomales  in  Sio.TGeo.s 
oorrosponds  roughly  to  a  KO-IOOO'C  range  in  pure  Si.  At  these  temperatures  it  is  well 
estabished  in  the  case  of  Si  that  the  dHfusion  enhancements  assodated  with  the 
annealng  of  the  residuai  implant  damage  are  a  transient  phenomena  whk^  has  no 
effect  for  long  tkne  annealngs  (see,  e.g.,  Ref.3).  K  is  quite  reasorfoMe  to  think  that  the 
same  thing  is  hue  in  the  pres^  e]q)^ments. 

ki  shown  on  Figs.3  and  4,  the  deviafions  from  a  simple  (fiffosion  behavior  are  e^^e 
mainfy  at  the  lowest  temperahees,  where  the  dMforence  between  the  maximum  dq^t 
concentration  and  the  intrinsic  carrier  density  is  the  highest  In  fact,  ttiMe  oteervations 
are  quite  analogous  to  whid  is  observed  in  pure  silcon,  where  the  dopaitf  tfiffuilon 
mechanisms  involve  rather  complex  coupings  witti  the  iaihce  point  defects  [4].  this 
remark  leads  us  to  the  conclusion  that  dopant  dHhi^  hi  the  ^.7Geo  j  alloys  takes 
place  by  the  same  bMie  mechanisms  as  in  Si.  i.e.  via  the  dHkMion  of  (dopant.vacancy) 
and  /or  (dopant,int«stifiaQ  pairs  (4).  Since  nottiing  is  known  on  ttie  properties  of  these 
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pairs  in  the  SiGe  alloys,  it  was  not  possible  to  perform  simulations  of  the  high 
concentration  diffusion  profiles. 

However  a  rough  estimate  of  the  binding  energy  of  the  (dopant, defect)  pair  which 
dominates  the  diffusion  behavior  can  be  obtained  from  the  activation  energy  of  D|. 
indeed,  assuming  that  the  dopant  atoms  diffuse  primarily  by  coupling  v;ith  one  kind  of 
defect,  the  activation  energy  of  Di  is,  in  first  order,  the  difference  between  the  self¬ 
diffusion  activation  energy  and  the  binding  energy  of  the  pair.  An  estimate  of  the  self¬ 
diffusion  activation  energy  in  Sio.yGeo.a  is  given  by  the  results  of  McVay  and  DuCharme, 
who  measured  Qe  diffusivities  in  SiGe  alloys  as  a  function  of  the  Ge  contents  [5].  These 
authors  found  that  for  Ge  contents  from  30  to  100  percent,  the  activation  energy  is  nearly 
constant,  with  a  value  ..i  about  3.0  eV.  Using  this  value,  and  the  values  found  in  the 
present  study  for  Di  of  P  and  B  (Equ.3),  we  found  that  the  (P,  defect)  pair  has  a  binding 
energy  of  about  1.38  eV,  while  the  (B,defect)  pair  binding  energy  is  about  1.21  eV.  The 
same  calculation  in  pure  Si,  with  a  self-diffusion  activation  energy  of  about  5  eV  [6,7], 
and  an  intrinsic  activation  energy  of  3.66  eV  for  P  diffusion,  and  of  3.60  eV  for  B  [4],  leads 
respectively  to  a  value  of  about  1 .34  eV  and  1 .40  for  the  (P,defect)  and  (B,defect) 
binding  energies  in  Si.  The  fact  that  these  values  are  very  similar  to  the  corresponding 
values  found  in  the  SiGe  alloy  strengthens  the  idea  that  dopant  diffusion  takes  place  by 
analogous  mechanisms  in  the  two  materials. 

Before  to  conclude,  we  would  like  to  point  out  another  surprising  point  concerning  P  and 
B  diffusion  in  Sio.TGeo.s,  which  is  the  extremely  low  value  of  the  pre-exponential  factor  of 
the  intrinsic  diffusivities  (Equ.3).  Indeed  this  value  corresponds  to  a  negative  entropy  of 
diffusion  of  about  *9  k.  Although  the  error  on  the  pre-exponential  term  is  probabiy  very 
high  (and  thus  the  finding  of  a  unique  value  for  B  and  P  may  be  fortuitous),  we  think  that 
the  negative  sign  of  the  entropy  is  significant .  Indeed  a  positive  value  would  require  a 
pre-exponential  factor  above  about  5x10*3  cm^s-i,  i.e.  more  than  four  orders  of 
magnitude  higher  than  our  experimental  estimation.  Such  a  highly  negative  entropy  of 
diffusion  is  in  contrast  with  what  is  observed  in  pure  Si  [4],  and  remains  to  be  explained. 


5.  Conclusion 

We  have  experimentally  studied  the  diffusion  of  phosphorus  and  boron  in  Sio./Geo.s  for 
temperatures  between  800  and  1050^0.  The  diffusion  profiles  show  that,  when  the 
dopant  concentration  is  below  the  intrinsic  carrier  concentration  at  the  diffusion 
temperature,  the  diffusion  has  a  simple  Fickian  behavior.  The  corresponding  intrinsic 
diffusivities  have  activation  energies  of  1.62  eV  and  1.79  eV  for  P  and  B  respectiveiy.  The 
measured  pre-exponential  factors  are  surprisingly  low,  corresponding  to  diffusion 
entropies  of  about  -9  k. 

On  the  other  hand,  at  high  concentration,  the  dopant  diffusion  profiles  exhibits  strong 
anomalies,  more  or  less  similar  to  what  is  observed  in  pure  Si.  This  suggests  that  the 
diffusion  mechanisms  are  analogous  in  the  two  materials,  involving  strong  couplings  with 
the  lattice  point  defects. 
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ABSTRACT 

Photoluminescence  (PL)  spectroscopy,  electron  beam  induced  current  (EBIC)  measurements, 
transmission  electron  microscopy  (TEM)  and  defect  etching  have  been  used  to  characterize 
dislocations  in  plastically  deformed  high  purity  float  zone  (FZ)  Si,  epitaxial  stacking  faults 
(ESF)  in  Si  epilayers  grown  by  low  pressure  chemical  vapour  deposition  (LPCVD),  and  ox¬ 
idation  induced  stacking  faults  (OISF)  in  high  purity  FZ  Si.  For  each  case,  with  very  low 
levels  of  transition  metal  contamination,  dislocation  related  D-band  luminescence  could  not 
be  detected  or  was  very  weak,  and  no  EBIC  contrast  could  be  observed.  Deliberate  con¬ 
tamination  with  very  low  levels  of  Cu,  Fe.  Ni,  Ag  or  Au  gave  rise  to  both  intense  D-band 
luminescence  and  strong  EBIC  contrast.  Higher  levels  of  contamination  eventually  quenched 
the  luminescence  but  did  not  affect  the  EBIC  contrast,  and  at  very  high  levels  precipitation 
could  be  observed  by  TEM.  Some  preliminary  cathodoluminescence  (CL)  imaging  measure¬ 
ments  have  revealed  patterns  of  slip  lines  in  plastically  deformed  lightly  contaminated  FZ  Si 
similar  to  those  seen  in  EBIC  measurements.  We  show  that  the  D3  and  D4  originate  mainly 
at  the  slip  lines,  wh  "eas  the  D1  and  D2  bands  are  dominant  between  the  slip  lines. 

1.  INTRODUCTION 

The  origin  of  the  optical  and  electriced  properties  of  dislocations  in  Si  has  been  the  subject 
of  many  detailed  investigations^’*..  The  optical  studies  have  concentrated  on  correlating 
the  observed  spectral  features  with  specific  dislocation  types  and  then  trying  to  understand 
the  electronic  transitions  involved.  Numerous  other  techniques  have  also  been  employed  to 
correlate  the  observed  properties  with  deep  levels.  However,  the  origin  of  the  electronic  states 
involved  is  still  unclear. 

The  role  of  impurities  must  be  seriously  considered,  especially  the  transition  metals.  These 
metals  are  fast  diffusers  and  are  known  to  form  deep  levels  which  can  readily  affect  the 
electrical  and  optical  properties  of  Si.  They  are  easily  incorporated  accidently  during  sample 
preparation  or  can  be  already  present  in  the  starting  material..  This  makes  it  difficult  to 
generate  defects  under  clean  conditions  unless  extreme  care  is  used  during  sample  preparation 
in  conjunction  with  sensitive  analytical  techniques  to  check  the  cleanliness.  Also  the  purity 
of  the  starting  material  must  be  known  to  ensure  that  the  bulk  impurity  levels  are  as  low  as 
possible.  In  addition,  in  order  to  investigate  the  effects  of  the  transition  metals  it  is  important 
to  be  able  to  control  their  deliberate  introduction  both  at  low  and  high  levels. 

We  have  recently  demonstrated*  that  dislocations  in  material  free  from  transition  metal 
contamination  (<  10“ cm"*)  give  no  observable  D-band  luminescence  and  no  EBIC  contrast, 
whilst  after  deliberate  Cu  contamination  (%  10“cm"*)  both  appear  strongly.,  This  effect 
is  illustrated  in  Figure  1.  The  PL  spectrum  from  a  sample  plastically  deformed  at  TSO^C 
containing  a  dislocation  density  of  10*cm~*  shows  very  weak  D-band  luminescence  (Figure 
la).  After  deliberate  contamination  with  4  x  lO^atoms.cm"*  and  annealing  at  gOO^C  for 
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Figure  1.  Photoluminescence  spectra  from  FZ  Si  plasticadly  deformed  at  750°C,  dislocation 
density  a  10^cm~*,  a)  before  contamination,  b)  after  deliberate  Cu  contamination  (a  4  X 
lO^^atoms.cm  *)  and  annealing  at  900'’C  for  1  hour. 

1  hour  the  D*bands  are  now  the  dominant  features  in  the  spectrum  (Figure  lb).  In  this  paper, 
we  report  an  extension  of  the  initial  investigation.  Dislocations  produced  in  high  purity  FZ 
Si,  epitaxial  stacking  faults  (ESF)  and  oxidation  induced  stacking  faults  (OISF)  have  been 
intentionally  contaminated  with  a  range  of  transition  metals  (Cu,  Ni,  Fe,  Ag  or  Au).  The 
effect  of  the  level  of  contamination  in  terms  of  surface  concentration  (10“  -  lO'^atoros.cm"*) 
has  also  been  investigated  for  Cu  and  Ni. 

Further  insight  into  understanding  the  origins  of  radiative  recombination  at  dislocations  may 
be  obtained  using  cathodoluminescence  (CL)  imaging.  The  high  spatial  resolution  combined 
with  the  ability  to  record  CL  spectra  and  obtain  both  panchromatic  and  monochromatic 
images  has  made  it  an  extremely  useful  technique  for  defect  studies  of  compound  semicon¬ 
ductors.  However,  in  the  past,  the  application  of  this  technique  to  Si  has  been  limited  due  to 
the  very  low  luminescence  efficiency  of  silicon  and  the  relatively  low  sensitivity  of  detectors. 
A  preliminary  investigation  of  CL  imaging  of  dislocations  in  plastically  deformed  and  Cu 
contaminated  FZ  Si  is  also  reported  in  this  paper. 

2.  EXPERIMENTAL 

Deformation-induced  dislocations  were  produced  in  samples  cut  from  an  ingot  of  ultra  high 
purity  FZ  Si,  which  had  a  total  transition  metal  content  <  10“atoms.cm"®.,  The  samples 
were  stressed  uniaxially  and  heated  in  a  stress  cell  made  totally  from  high  purity  quartz.  A 
wide  range  of  epitaxial  layers  (T=850-1150®C,  P=40-760  torr  and  thicknesses  w  1  -  15/xm) 
were  grown  by  low  pressure  chemical  vapour  deposition  (LPCVD)  using  a  commercial  Applied 
Materials  reactor  (AMC7811)  at  GEC  Marconi.  For  comparison,  epitaxial  wafers  from  two 
different  commercial  manufacturers  were  also  analysed.  In  addition,  high  purity  FZ  Si  wafers 
were  given  a  special  surface  treatment  and  then  oxidised  under  clean  conditions  to  produce 
OISF’s. 

For  the  PL  measurements,  the  samples  were  immersed  in  liquid  helium  at  4.2K  and  the 
luminescence  was  excited  using  an  Ar"^  laser  tuned  to  either  457. 9nm  or  514.5nm.  The 
luminescence  was  analysed  using  a  Nicolet  60SX  Fourier  transform  spectrometer  fitted  with 
a  Ge  diode  detector  (North  Coast).  Preferential  defect  etching  was  used  to  determine  the 
nature  of  defects  present  and  their  density.  The  defects  were  also  analysed  in  more  detail 
using  TEM  and  EBIC.  Atomic  absorption  (AA)  spectroscopy  was  used  to  determine  the 
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transition  metal  impurity  levels  in  the  epitaxial  layers;  the  epitaxial  layers  were  selectively 
removed  using  ultra  pure  chemical  etching  solutions  and  then  analysed  using  a  Perkin  Elmer 
PE3030.  Similar  experiments  were  carried  out  on  whole  wafers  to  determine  suitable  starting 
material  for  producing  OISF’s.  The  detection  limit  for  transition  metal  impurities  in  the 
epitaxial  layers  was  w  2  x  10^®atoms.cm“®  and  «  lO^^atoms.cm"*  in  the  bulk. 

The  controlled  introduction  of  the  transition  metal  contaminants  onto  the  sample  surface  was 
carried  out  by  backplating  from  an  appropriate  transition  metal  salt  solution.  The  concen¬ 
tration  of  the  metal  ion  in  solution  was  measured  by  AA  and  the  surface  contamination  level 
was  checked  using  total  X-ray  reflection  fluorescence  (TXRF).  Additional  TXRF  measure- 
nients  were  carried  out  to  determine  the  uniformity  and  reproducibility  of  the  plating  process 
and  checks  were  also  made  for  cross  contamination  (detection  limit  <  lO^^atoms.cm"*).  The 
samples  were  RCA  cleaned  prior  to  contamination  and  then  annealed  in  RCA  cleaned  quartz 
furnace  tubes  in  flowing  nitrogen  gas  immediately  after  contamination.  Adjacent  sections 
were  RCA  cleaned  without  deliberate  contamination  and  then  annealed.  Control  experi¬ 
ments  were  also  carried  out  using  blank  plating  solutions. 

CL  measurements  were  made  at  sslO  K  using  the  CL  mode  of  a  scanning  electron  microscope 
(SEM)  fitted  with  a  specially  designed  CL  monochromator  (MonoCL,  Oxford  Instruments  ) 
directly  attached  to  the  SEM.  This  system  uses  a  retractable  parabolic  mirror  to  collect  the 
light  which  can  then  be  reflected  into  a  0.3m  grating  monochromator  or  directly  onto  a  Ge 
diode  detector  (North  Coast).  Spectra  were  measured  using  an  optical  chopper  and  standard 
lock-in  techniques.  Both  panchromatic  and  monochromatic  images  were  obtained  using  band 
pass  filters  centered  on  the  D-bands.  An  integral  framestore  was  used  to  control  the  electron 
beam  and  for  signal  averaging  to  obtain  good  quality  images.  The  spatial  resolution  was 
estimated  to  be  RslO^m  for  our  typical  operating  conditions^. 

3.  RESULTS  AND  DISCUSSION 

The  plastically  deformed  high  purity  FZ  Si  samples  had  either  very  weak  or  no  observable  D- 
band  luminescence  and  no  detectable  EBIC  contrast..  Following  light  surface  contamination 
(w  4  X  lO'^atoms.cm"*)  by  various  metals,  the  D-band  features  (D1-D4)  were  the  dominant 
luminescence  features  observed  and  the  dislocations  could  be  detected  by  EBIC.  The  positions 
of  the  D-bands  remained  constant  for  the  different  metals. 

No  D-band  luminescence  was  observed  from  either  the  OISF  samples  or  from  ESF’s  in  epilay- 
ers  grown  at  low  temperature  (T=850°C)  and  low  pressures  (<  120  torr).  However,  at  both 
higher  temperature  (>  850®C)  and  higher  growth  pressures  (>  120  torr)  weak  D-band  lumi¬ 
nescence  was  detected.  All  the  commercially  grown  epilayers  that  contained  ESF’s  showed 
much  stronger  D-band  (D1  and  D2  only  )  features.  The  metal  content  of  all  these  layers  was 
determined  using  A  A.  On  inspection  of  the  A  A  analysis  it  was  clear  when  comparing  layers 
of  both  similar  thickness  and  ESF  density  that  D-band  luminescence  was  only  observed  when 
there  was  a  relatively  high  level  of  transition  metals  present  (>  2  x  10^*atoms.cm“®).  The 
total  metal  content  of  the  commercially  grown  epilayers  was  usually  at  least  2-3  orders  of 
magnitude  higher  than  that  in  material  grown  at  GEC  Marconi.  TEM  examination  revealed 
no  unusual  features  associated  with  the  structure  of  the  ESF’s.  Also,  no  evidence  was  found 
for  metal  precipitation. 

A  selection  of  epilayer  samples  that  contained  a  range  ESF  densities  (10^  -  lO’crn"*)  and 
showed  no  D-bands  was  deliberately  contaminated  and  then  annealed.  Following  deliberate 
contamination  with  either  Cu,  Fe,  Ni,  Ag  or  Au  (ss  4  x  lO'^atoms.cm"*)  the  D-bands  (D1 
and  D2  only)  could  be  clearly  observed.  Similar  results  were  observed  for  the  OISF’s  In 
addition,  deliberate  contamination  of  the  epilayer  samples  that  already  contained  D-band 
luminescence  produced  a  dramatic  increase  in  the  D-band  luminescence  intensity.  As  with 
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the  deformed  FZ  material,  the  positions  of  the  D-band  features  were  approximately  constant 
for  the  different  metals. 

These  results  are  consistent  with  those  we  reported  previously®,  and  show  that  transition 
metal  contamination  plays  an  essential  role  in  both  the  D-band  luminescence  and  EBIC 
contrast. 

For  both  types  of  stacking  fault  it  was  found  that  as  the  level  of  contamination  (Cu  or  Ni) 
was  further  increased  (>  4  x  10^®  cm“®)  the  D-band  features  decreased  in  intensity  until 
eventually  they  could  no  longer  be  observed.  Figure  2  shows  the  variation  of  the  intensities 
of  the  D1  and  D2  bands  as  a  function  of  Cu  contamination  (measured  by  TXRF)  for  an 
epiiayer  sample  containing  5  x  10^cm~®  ESF’s.  The  D-band  peak  intensities  were  normalized 
to  the  phosphorus  bound  exciton  peak  arising  from  intentional  doping  of  the  epilayers.  These 
results  show  that  the  level  of  contamination  is  also  an  important  parameter  in  considering 
the  mechanisms  involved  in  dislocation  related  luminescence.  These  results  also  explain 
previous  PL  investigations  on  impurity  decoration  of  dislocations®’*,  where  transition  metal 
contamination  was  found  to  have  no  effect;  in  those  investigations  much  higher  levels  of 
contamination  sufficient  to  quench  the  D-band  luminescence  were  being  used. 


Figure  2.  D-band  intensity  (D1  and  D2)  as  a  function  of  surface  Cu  contamination  (measured 
by  TXRF)  for  an  epiiayer  sample  containing  5  x  lO^cm"®  ESF’s. 

Subsequent  TEM  analysis  has  revealed  that  there  are  two  different  regimes  of  decoration 
around  the  stacking  fault’s.  At  low  levels  (<  10*®  atoms.cm"®)  of  contamination  there  is 
no  evidence  of  precipitation  found  on  the  stacking  faults.  As  the  level  of  contamination  is 
increased  further  metal  related  precipitates  can  be  observed  on  the  bounding  partials  in  TEM. 

EBIC  investigations  have  been  carried  out  on  these  epitaxial  layers  and  the  bulk  FZ  samples 
containing  OISF’s,  before  and  after  contamination^.  It  was  found  that  EBIC  contrast  was 
observed  from  all  the  defects  following  contamination,  whether  contaminated  on  the  atomic 
scale  or  by  precipitates,  whereas  the  dislocation  related  luminescence  features  decreased  in 
intensity  at  high  contamination  levels  until  they  can  no  longer  be  observed.  However,  at 
this  stage  of  contamination  donor  bound  exciton  luminescence  can  still  be  observed  from 
the  epiiayer  and  not  all  the  luminescence  has  been  quenched.  We  suggest  that  as  the  level 
of  contamination  is  increased  and  microprecipitates  are  formed  on  the  partial  dislocations 
they  absorb  the  centers  responsible  for  dislocation  related  radiative  recombination.  This  is 
consistent  with  the  conclusions  reached  in  recently  reported  DLTS  measurements  on  OISF’s 
deliberately  contaminated  with  Au,  Pt,  Cu  and  Ag*. 
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In  order  to  investigate  further  the  relationship  of  the  D-bands  with  the  dislocation  structure 
we  have  carried  out  some  preliminary  CL  imaging  and  CL  spectroscopy  measurements.  Figure 
3a  shows  an  panchromatic  CL  image  of  a  plastically  deformed  FZ  Si  sample  containing 
10®cm“^  dislocations,  after  Cu  contamination  and  annealing.  Two  intersecting  [110]  slip 
planes  can  be  seen  quite  clearly  and  Figure  3b  shows  the  corresponding  EBIC  image  of  the 
same  sample.  CL  spectra  were  recorded  on  the  slip  lines  («  30/rm  apart)  and  in  between  the 
slip  lines. 


Figure  3.  a)  Panchromatic  CL  image,  and  b)  EBIC  image  of  FZ  Si  plastically  deformed  at 
SOO^C  and  lightly  contaminated. 

Figure  4a  shows  the  CL  spectrum  on  the  slip  band,  where  D3  and  D4  are  the  dominant 
features.  As  one  moves  away  from  the  slip  band  D1  and  D2  become  the  dominant  features 
(Figure  4b).  This  periodic  variation  in  the  spectra  was  found  all  over  the  sample  surface 
and  the  same  behaviour  was  observed  on  other  samples  containing  single  slip.  These  results 
suggest  that  D3  and  D4  may  be  more  strongly  related  with  the  dislocation  core  structure  than 
D1  and  D2.  However,  monochromatic  images  of  the  dislocation  slip  lines  could  be  obtained 
using  filters  to  transmit  radiation  only  from  Dl  or  D2.  The  PL  spectrum  of  this  sample  is 
similar  to  the  spectrum  shown  in  Figure  lb  in  which  Dl  and  D2  are  the  stronger  features. 
Further  measurements  are  planned  to  explore  the  differences  in  PL  and  CL  spectra. 


Figure  4.  CL  spectra  from  FZ  Si  plastically  deformed  at  800°C  and  lightly  Cu  contaminated 
a)  on  a  slip  line,  b)  in  between  the  slip  lines. 
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These  investigations  have  shown  that  transition  metal  contamination  plays  an  important  role 
in  the  production  of  D-band  luminescence  from  plastically  deformed  Si  and  from  samples 
containing  ESF’s  or  OISF’s.  Further  experinients  will  be  carried  out  combining  BBIC  with 
cathodoluminescence  imaging  to  investigate  the  relationship  between  specific  defect  types, 
the  metal  contaminant  and  the  luminescence. 
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ABSTRACT 

The  D-band  recombination  in  silicon  is  found  to  be  independent  of  impurities  trapped  at  dislo¬ 
cations.  Deliberate  contamination  of  high  purity  silicon  samples,  containing  dislocations,  with 
copper  or  iron  results  in  a  drastic  decrease  of  the  D-band  photoluminescence.  After  a  reduction 
of  the  copper  and  iron  concentration,  the  D-bands  reappear  and  increase  in  intensity  by  two  or¬ 
ders  of  magnitude.  The  intensities  and  polarizations  of  the  D-band  photoluminescence  depend 
strongly  on  the  direction  of  detection  and  on  the  structure  of  the  dislocation.  We  correlate  the 
Di/D2-recombination  with  the  stacking  fault  between  two  Shockley  partial  dislocations. 

1.  Introduction 

Silicon  samples  containing  dislocations  exhibit  a  characteristic  photoluminescence  (PL)  spec¬ 
trum  at  low  temperatures.  Drozdov  et  al.  labeled  the  PL-bands  D1-D4  [1).  In  samples  which 
were  plastically  deformed,  bent,  or  twisted  at  high  temperatures,  or  in  which  precipitates  are 
formed,  the  D-band  PL  always  shows  up  at  the  same  energy  position:  Dj:  0.812  eV,  D2:  0.875 
eV,  D3:  0.934  eV,  D^:  1.00  eV.  The  relative  and  total  intensities,  however,  of  the  D-band 
spectrum  depend  strongly  on  the  conditions  during  the  generation  process  of  the  dislocations. 
Extensive  studies  were  performed  to  determine  the  nature  of  the  D-band  PL.  The  bands  can  be 
grouped  into  pairs  D1/D2  and  D3/D4,  according  to  their  similar  optical  properties.  For  details 
of  the  early  work  on  the  D-band  PL  see  Ref.  [2]. 

The  role  of  impurities  in  the  generation  of  the  D1-D4  bands  is  not  understood.  Whereas  the 
dislocation  density  is  not  modified  by  low-temperature  annealing  after  long  times,  the  PL-bands 
broaden  and  decrease  in  intensity  [3,4].  No  direct  influence  of  specific  impurities  was  found  in 
the  D-band  spectrum.  Doping  with  oxygen  or  transition  metals  (TM),  such  as  Au,  produced 
a  broadening  of  the  D-bands.  Higgs  et  al.  [5],  however,  observed  the  D-band  PL  only  after 
additional  TM  doping  (Cu  doping  in  particular)  in  their  deformed  crystals.  It  was  suggested 
that  the  D-band  PL  is  only  associated  with  those  dislocations  that  are  decorated  with  TMs. 

In  this  paper,  we  examine  the  origin  of  the  D-band  PL:  are  the  D-bands  due  to  recombination 
at  the  dislocation  core  or  due  to  recombination  at  impurities  bound  to  dislocations?  We  use 
a  clean  method  to  generate  the  dislocations,  and  by  deliberately  doping  with  different  TMs, 
we  study  their  influence  on  the  D-band  PL.  A  careful  transmission  electron  microscopy  (TEM) 
study  of  the  investigated  samples  reveals  the  different  types  of  dislocations.  We  correlate  the 
well  defined  spatial  properties  of  the  dislocations  with  the  PL  intensities  and  polarizations  of 


1316 


ICDS-16 


the  D-bands. 


2.  Experimental 

In  order  to  generate  dislocations  in  high-purity  float-zone  (FZ)  silicon  wafers,  a  method  was 
adopted  that  is  otherwise  used  for  annealing  of  ion  implantation  damage  or  recrystallization 
of  amorphous  materials.  Heating  with  a  focussed  cw  Ar-laser  beam  (20  W,  TEMOO,  multi 
line  mode)  melts  the  surface  layer  of  the  silicon  wafer.  The  melted  zone  was  scanned  across 
the  wafer,  leading  to  parallel  stripes  (separation  ~  40  (im)  of  recrystallized  Si  with  a  high 
dislocation  density  (~  5  x  10^  cm“*).  The  scanning  speed  was  10  cm/s.  Two  different  wafer 
temperatures  (room  temperature  (RT)  and  500®C]  were  used  to  study  diffusion  processes  during 
the  generation  of  the  dislocations.  Before  the  laser  treatment,  the  wafers  were  cleaned  by  a 
standard  RCA  cleaning  procedure  [6]  to  ensure  a  low  TM  concentration  on  the  surface  [7j.  A 
wafer  holder  made  out  of  quartz  was  used  to  avoid  direct  TM  contamination. 

After  laser  recrystallization,  the  samples  were  cut  and  scratched  with  a  rod  of  high-purity 
TM  on  the  back  side.  Heat  treatment  was  performed  in  a  quartz  tube  {T  =  850“C).  A  flow  of 
high  purity  nitrogen  or  argon  gas  was  blown  across  the  sample  during  the  heat  treament.  After 
the  diffusion  process,  the  samples  were  quenched  in  ethylene  glycol  at  RT.  With  this  diffusion 
method  no  unintentional  contamination  with  TMs  occurs. 

Photoluminescence  was  excited  using  the  514  nm  line  of  an  Ar  laser.  The  samples  were 
mounted  in  a  He-bath  cryostat.  PL  signals  were  analyzed  by  a  1-m  grating  monochromator 
and  detected  with  a  liquid  nitrogen  cooled  Ge-detector.  The  signals  were  processed  in  standard 
lock-in  technique.  The  whole  setup  was  controlled  by  a  desktop  computer. 

The  polarization  of  the  PL  light  relative  to  the  crystal  directions  was  determined  by  an 
analyzer  in  front  of  the  entrance  slit  of  the  monochromator.  A  careful  calibration  of  the  setup 
was  necessary  to  detect  small  polarization  differences. 

The  cleaning  process  applied  to  the  laser  melted  samples  is  a  standard  procedure  in  device 
production  [8].  Annealing  at  temperatures  between  800*0  and  110(PC  in  HCl  containing  atmo¬ 
spheres  results  in  the  formation  of  TM  chlorides  which  are  transported  away  by  the  stream  of 
the  HCl  atmosphere.  To  avoid  oxidation  of  the  samples,  the  HCl  gas  has  to  be  dry  and  oxygen 
free. 

Another  set  of  samples  was  plastically  deformed  at  800“C  along  the  [213]-axis  to  create  a  well 
defined  dislocation  geometry.  Only  FZ  Si  (B,  P,  undoped)  was  used  for  deformation  to  avoid 
the  creation  of  dislocations  in  the  strain  field  around  oxygen  precipitates.  The  special  stress 
geometry  is  shown  in  Fig.  2(a).  In  these  samples,  most  of  the  dislocations  are  in  the  (Ul)-glide 
plane  (p).  Fig.  2(e)  gives  a  TEM  micrograph  of  the  (Oil)  plane  of  these  samples  which  shows 
the  preferential  (lll)-glide  planes. 


3.  Influence  of  transition  metals  in  the  D-band  recombination 

All  samples  exhibit  intense  D-band  PL  after  laser  melting  and  subsequent  recrystallization. 
For  direct  comparison  with  the  TM  diffused  samples,  other  samples  were  subjected  to  the  same 
thermal  treatment,  but  without  the  TM  surface  contamination.  After  Cu  diffusion  for  5  min 
at  850®C,  the  D-band  PL  intensity  is  reduced  and  disappears  for  longer  diffusion  times.  The 
presence  of  Cu  in  the  samples  is  confirmed  by  the  known  Cu-related  PL  at  1.22  pm  (1.014 
eV)  [9].  Iron  doping  results  in  the  same  quenching  of  the  D-band  PL.  To  verify  our  result,  Cu 
diffused  samples  were  subjected  to  annealing  in  a  HCl  atmosphere  at  800*C.  After  90  min. 
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figure  1;  (a)  Photoluminescence  spectrum  of  a  laser  melted  sample  of  FZ-Si:B  (5  >c  10’^ 
cm®),  (b)  The  same  sample  as  in  (a),  but  additionally  annealed  at  800®C  for  6  h  in  Argon,  (c) 
Same  sample  as  in  (a),  but  additionally  annealed  at  800®C  for  6  h  in  HCl. 


the  D2/D1  bands  reappeared,  whereas  the  Cu-PL  decreased.  After  6  h,  the  D^/Da  bands 
reappeared,  and  the  Cu-PL  had  almost  vanished.  The  reduction  in  the  Cu  concentration 
supports  the  efficiency  of  the  employed  cleaning  process.  We  applied  the  heat  treatment  in  a 
HCl  atmosphere  to  the  laser  melted  and  recrystallized  samples  in  order  to  generate  high  purity 
samples  with  dislocations.  The  PL  spectrum  of  an  original  laser  melted  sample  is  given  in 
Fig.  1(a).  The  intensities  of  the  D-bands  of  these  samples  are  approximately  5  times  larger 
compared  to  the  samples  which  contained  a  much  higher  dislocation  density  after  deformation. 
For  reference  a  piece  of  the  sample  was  annealed  at  80(PC  for  6  h  in  an  Ar  atmosphere.  The 
result  of  the  PL  measurements  is  shown  in  Fig.  1(b).  An  increase  of  D.  »nd  a  decrease  of  Di 
by  a  factor  of  5  is  detected,  whereas  D4/D3  almost  vanish.  We  explain  this  behavior  of  the 
D3/D4  with  the  passivation  of  their  corresponding  centers  due  to  residual  Cu.  Etch  pit  analysis 
and  TEM  on  this  sample  gave  no  evidence  of  a  reductio..  in  the  dislocation  density  after  the 
thermal  treatment.  After  heat  treatment  of  the  laser  melted  sample  in  HCl  for  6h  at  80(PC, 
a  drastic  increase  in  the  total  PL-intensity  occurs  [Fig.  1(c)].  This  behavior  is  indicative  of  a 
much  lower  concentration  of  nonradiative  recombination  centers.  The  energy  separation  of  the 
D4  and  D3  bands  is  identical  to  the  separation  of  the  BE^^  and  BE^®  lines.  This  suggests  that 
D3  is  the  TO- phonon  replica  of  D4. 

The  Di/Dj  bands  show  an  increase  in  intensity  by  a  factor  of  20-100  in  the  samples  annealed 
in  HCl  gas.  The  lines  have  a  smaller  half  width  (e.g.  0.9  meV  for  Dj)  at  low  excitation  density 
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compared  to  the  original  laser  melted  sample.  From  the  energy  separation  of  Dj  and  D-^  we 

*  assign  D]  to  the  0*'  phonon  replica  of  Di- 

i  In  our  doping  experiments  we  find  no  enhancement  of  the  D-band  PL  after  TM  incorporation 

into  the  dislocations;  removal  of  residual  TMs  from  our  samples  by  a  heat  treatment  in  a  HCl 
atmosphere  results  in  a  drastic  increase  of  the  Di  and  D2  bands.  These  results  indicate  that 
Cu  and  Fe  suppress  the  D-band  PL  by  forming  precipitates  in  the  vicinity  of  dislocations.  These 
precipitates,  mostly  detected  at  kinks  and  jogs  by  TEM,  are  smallest  in  HCl-treated  samples 
(<  5  nm).  From  our  experiments,  however,  we  cannot  rule  out  the  possibility  that  single  TM 
atoms  in  the  dislocation  core  (e.g.  at  the  kinks)  are  the  origin  of  the  D-band  PL.  The  residual 
tiny  TM  contamination,  remaining  in  the  wafer  even  after  the  HCl  treatment,  would  be  enough 
to  account  for  such  a  decoration. 

We  exclude  the  possibility  that  TM-precipitates  in  the  vicinity  of  dislocations  are  responsible 
for  the  D-band  PL.  Our  PL  experiments  are  in  agreement  with  a  recombin-.tion  at  intrinsic 
states  of  the  dislocations,  which  might  be  disturbed  by  individual  TM  atoms. 

4.  Orientational  dependence  of  the  intensity  and  polarization  of  the  D-band  PL 

Samples  with  a  well  defined  topology  of  dislocations  allow  us  to  correlate  the  D-bands  with 
distinct  features  of  the  dislocations.  Stress  along  the  (213]-axis  of  a  Si-crystal  favors  single  slip 
within  the  (ill)  plane  (with  Burgers  vector  b  =i[011]).  The  geometry  of  the  deformed  samples 
is  given  in  Fig.  2(a).  Fig.  2(b)  shows  the  view  on  top  of  the  primary  glide  plane.  Practically 
all  dislocations  are  in  this  plane  (Fig.  2(e)). 


\  ' 
(211)\ 


Hill 

6, =1(1101  's 
g, =1(1011 


c)  (1) 

FIGURE  2:  (a)  Geometry  of  plastically  deformed  samples,  (b)  View  onto  the  primary  glide 
planep=(lll).  (c)  Projection  of  the  Burgers  vectors  b|,  of  the  Lomcr  dislocations  in  the  (21 1) 
plane,  (d)  Projection  of  the  Burgers  vectors  b|,  of  the  Lomer  dislocations  in  the  (Oil)  plane, 
(c)  TEM  of  the  (01 1 )  plane,  .showing  the  primary  glide  .system  (111). 
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The  PL  intensity  of  the  different  D-bands  was  detected  for  propagation  of  the  PL  emission 
along  the  3  orthogonal  directions  ((Oil),  (211),  (111)),  which  are  correlated  with  the  primary 
glide  system  [Fig.  2(b)].  All  D-bands  have  similar  intensities  for  detection  along  the  (Oil)  and 
(211)  direction.  But  the  bands  have  substantially  weaker  intensities  when  detected  along  the 
(111)  direction.  The  D3/D4  bands  show  roughly  twice  the  intensity  for  observation  along  (211) 
and  (Oil)  compared  to  the  (111)  direction.  No  PL-intensity  could  be  detected  for  Di  and  D2 
along  the  (ill)  direction. 

The  linear  polarization  of  the  D-band  PL  was  also  measured  for  the  3  different  propagation 
directions.  Our  results  confirm  in  principle  the  results  of  Izotov  and  ShteTnman  [10]  but  are  at 
variance  with  data  reported  by  Suezawa  et  al.  (11). 

Due  to  lack  of  space,  we  will  concentrate  here  only  on  the  D1/D2  bands;  a  full  account  of  our 
results  will  be  published  elsewhere.  The  D1/D2  bands  show  a  pronounced  linear  polarization 
with  the  electric  held  vector  E  ||  [111]  if  detected  along  the  [01 1]  and  [211]  propagation  direction 
of  the  light.  There  is  almost  no  intensity  emitted  along  the  [ill]  crystal  direction.  The  PL  of 
the  D1/D2  bands  is  simply  explained  by  a  dipole  transition  with  E  oriented  perpendicular  to 
the  principle  glide  system. 

By  a  careful  TEM  study,  we  have  analyzed  the  type  and  geometry  of  dislocations  in  our 
deformed  samples.  Table  1  summarizes  the  results  and  gives  the  geometrical  properties  of  the 
dislocations.  Our  results  are  identical  to  other  studies  on  samples  deformed  under  the  same 
conditions  (12).  Prom  the  table,  two  possible  dislocation  candidates  can  be  correlated  with  the 
polarization  behavior  of  the  D1/D2  bands. 


Type  (Origin) 

Symbol 

r 

i 

Remarks 

90®/30®(60®) 

dgo/ao 

[110],[10l] 

i[121],i[112](l[011]) 

highest  density 

30®/30®(screw) 

^30/30 

[Oil] 

l[121],|[il2](l[011]) 

neglectable  density 

Lomer(60®-I-60®) 

dt 

(110) 

i[il0] 

i[iio]=i[oii]+i[ioi] 

Lomer(60®-f-60®) 

di. 

[lOij 

1(101] 

i[101]=l[110l+l[0ll] 

Stacking  Fault 

SF 

p=(iii) 

'5[lil](intrinsic) 

between  dgo/so 

Table  1 :  Types  of  dislocations  in  samples,  found  in  plastically  deformed  samples  (T =800^0  , 
deformation  along  the  [213]-axis) 


The  polarization  properties  of  the  D1/D2  bands  could  be  correlated  with  the  geometry  of  the 
Lomcr  dislocations  which  we  find  in  significant  concentrations  in  our  samples.  Under  the  stress 
geometry,  two  different  Lomer  dislocations  are  possible,  which  form  by  the  combination  of  two 
60®  dislocations  out  of  different  glide  systems.  If  we  assume  a  polarization  of  the  Di/Ds  bwids 
parallel  to  the  Burgers  vector  of  the  two  Lomer  dislocations,  a  linear  polarization  E  |)  [111] 
of  the  D1/D2  bands  is  possible  under  observation  in  the  [2li]  direction  [Fig.  2(c)]  and  was 
actually  detected.  However,  along  the  (Oil)  direction  we  would  expect  a  small  tilt  (21*)  from 
the  [lllj  direction  [Fig.  2(d)].  We  tried  to  determine  the  tilt  angle  very  accurately  with  a 
resolution  of  0.5°  in  several  different  samples.  However,  we  could  only  detect  an  angle  smaller 
than  4®,  which  is  due  to  the  inaccuracy  of  the  mounting  of  the  sample  in  the  cryostat.  We 
therefore  have  to  exclude  the  Lomcr  dislocations  as  possible  origin  of  the  D1/D2  band  PL. 

The  only  feature  in  Table  1  which  has  a  [ill]  symmetry  is  the  stacking  fault.  The  Shockley 
partial  dislocations  move  at  higher  temperatures  with  different  velocities,  generating  in  between 
them  intrinsic  stacking  faults.  In  equilibrium  the  splitting  width  of  the  Shockley  partials  is 


. . . . . . . . . . . . . . 
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5.8  nm  [13].  Under  the  assumption  that  the  dipole  transition  is  perpendicular  to  the  plane  of 
the  stacking  fault,  we  can  explain  the  intensity  and  polarization  behavior  of  the  Di/Da  bands. 


5.  Summary 

Dislocations  were  generated  by  laser  melting  and  recrystallization  of  high  purity  Si.  The  PL 
intoisity  of  the  D>bands  is  correlated  with  the  Cu  contamination  of  the  samples-.  High  Cu 
contaminations  passivate  the  D*band  PL,  whereas  in  clean  samples  the  D-band  PL  is  drastically 
increased. 

The  intensities  and  linear  polarizations  of  the  D-bands  ate  detects!  from  differmt  directions 
of  plastically  deformed  samples.  We  could  correlate  the  polarization  properties  with  geometric 
features  of  the  dislocations,  which  we  determined  by  TEM.  We  propose  that  the  Di/Dj  recom¬ 
bination  originates  from  the  intrinsic  stadcing  fault  between  two  Shockley  partial  dislocations. 
The  0s/D4  bands  show  a  more  complex  polarization  behavior  and  cannot  be  directly  corre¬ 
lated  with  the  geometry  of  dislocations  in  our  samples.  Further  studies  have  to  clarify  which 
electronic  levels  of  the  dislocations  are  responsible  for  the  D-band  PL,  and  which  dislocation 
feature  gives  rise  to  the  D3/D4  bands. 
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ABSTRACT 

Photoluminescence  (PL)  spectra  of  various  extended  defects  in  Si 
have  been  studied.  A  scheme  of  classification  of  the  PL  lines  is 
proposed  according  to  the  squared  edge  components  of  the  Burgers 
vectors.  A  possibility  of  passivation  of  dislocation  core  by 
transition  metal  impurities  is  discussed. 


1.  Introduction 

As  shown  earlier,  all  the  main  features  of  the  dislocation-related 
PL  can  be  accounted  for  by  assuming  it  to  originate  from  the 
radiative  recombination  of  the  electrons  and  holes  bound  in  the 
Id-dislocation  bands  split  off  from  the  bulk  band  edges  by  the 
strain  field.  Within  this  approach,  a  classification  of  the 
dislocation-related  PL  lines  according  to  the  square  modulus  of  the 
Burgers  vector  has  been  proposed  [1]. 

In  the  present  work  this  concept  is  further  developed  and  used 
for  the  classification  of  PL  spectra,  obtained  for  the  first  time, 
of  the  main  structural  defects  in  silicon  such  as  A,  B,  C,  D 
microdefects,  various  stacking  faults  (SF)  and  rod-like  defects 
(RLD) . 

The  studies  of  the  effect  of  quenching  and  annealing  on  the 
spectra  suggest  a  possibility  of  passivation  of  dislocation  core 
states  by  low  concentrations  of  fast  transition  metal  diffusers  (Cu, 
Ni,  etc.) 


2.  Electronic  structure  of  dislocations  and  classification 
of  spectral  lines 

Bound  electronic  states  at  dislocations  can  originate  from  the  three 
main  factors; 

-  long-range  strain  fields  of  dislocations; 

-  dangling  bonds,  impurities  or  defects  in  dislocation  cores; 

-  impurity  clouds  and  intrinsic  point  defects  in  the  vicinity  of 
dislocations. 

Long-range  strain  field  is  a  stable  inherent  property  of  the 
dislocation  which  does  not  depend  on  the  structure  of  its  core  and 
the  degree  of  decoration  by  impurities,  and  is  determined  by  its 
topological  charge,  i.e.  the  Burgers  vector.  Therefore  the  basis  of 
the  dislocation  electronic  structure  consist  of  the  one-dimansional 
(Id-)  energy  bands  split  off  from  the  edges  of  the  corresponding 
bulk  bands  by  the  strain  field.  The  dislocation  proper  can  be 
considered  as  an  Id-semiconductor  with  a  smaller  band  gap  which  is 
in  contact  with  the  bulk  semiconductor. 

Dislocation  core  defects,  such  as  kinks,  jogs,  dangling  bonds 
and  impurities  in  cores  result  in  an  effective  doping  of  the 
dislocation  Id-semiconductor,  i.e.  determine  in  it  a  Fermi  level 
position  and  create  carrier  concentrations  in  Id-dislocation  bands, 
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(mobility,  lifetime  etc.)* 

Impurities  and  defects  around  a  dislocation  (Cottrell  clouds) 
are  responsible  for  the  contact-type  phenomena  between  the 
Id-dislocation  and  bulk  semiconductors  and  affect  such  parameters  as 
the  Reed's  cylinder  radius  (width  of  the  space  charge  region),  cross 
section  of  carrier  trapping  by  a  dislocation  etc. 

In  principle,  different  experiments  may  reveal  dislocfAtion 
states  of  all  three  types.  Indeed,  ESR  permits  studying  states  with 
unpaired  electron  spins  localized  primarily  at  dangling  bonds,  core 
defects  and  impurities,  whereas  the  EDSR  technique  [2]  detects 
mobile  states  with  unpaired  spins  in  Id-bands. 

The  Hall  effect  permits  one  to  determine  the  Fermi  level  in  a 
system  made  up  of  a  Id-dislocation  and  a  bulk  semiconductors,  and 
DLTS  -  the  defect  and  impurity  ionization  energies  in  the 
dislocation  core  and  in  its  vicinity. 

PL  reveals  the  states  in  Id-bands,  since  they  possess  the 
largest  trapping  cross  sections  for  non-equilibrium  carriers. 

Thus  the  PL  and  EDSR  techniques  permit  one  to  detect  primarily 
the  intrinsic  properties  of  a  dislocation  determined  by  its  Burgers 
vector,  while  the  ESR,  DLTS  and  Hall  effect  allow  investigation  of 
its  extrinsic  properties  depending  on  core  defects  and  doping  level. 

By  scaling  Schrodinger's  equation,  one  can  readily  show  that 
the  carrier  binding  energy  in  the  strain  field  of  a  dislocation 
falling  off  as  1/r  should  be  proportional  to  the  square  of  the 
Burgers  vector  modulus  for  a  given  direction.  Calculations  [3] 
demonstrate  that  the  contribution  of  the  screw  component  b  of  the 

S 

Burgers  vector  to  the  carrier  binding  energy  is  about  an  order  of 
magnitude  smaller  than  that  of  the  edge  component  b^.  Therefore  in 

the  first  approximation  the  carrier  binding  energy  for  the  id-bands 

is  proportional  to  b^  and  the  position  of  the  dislocation-related  PL 

lines  can  be  rcughly  evaluated  by  the  expression: 

hcj  =  E  -  A-  (b  /a)^  (1) 

g  e 

where  a  is  the  lattice  constant,  E^  is  the  band  gap  width,  and  the 

fitting  constant  A  can  be  estimated  as  A  =  (5b^)  ^m/47Th^  [1]  where  H 

is  an  averaged  constant  of  the  deformation  potential,  and  m  is  the 
mean  effective  carrier  mass. 

Since  many  structural  defects  are  bounded  by  dislocations  of 

different  types,  eq.(l)  permits  one  also  to  classify  the  PL  lines  of 

these  defects. 

In  Table  1  are  listed  estimated  sums  of  binding  energies  E  of 
carriers  at  dislocations  with  [110]  axes  and  different  Burgers 
vectors,  as  well  as  the  positions  of  the  PL  lines  found  by  (I)  for 
the  parameters  E^  =  1170  meV,  A  =  800  mev.  The  last  column  contains 

the  experimental  positions  of  some  lines. 

Equation  (1)  does  not  take  into  account  the  dissociation  of 
dislocations.  It  is  well  known,  however,  that  most  of  the 
60°-dislocations  in  Si  dissociate  into  90°  and  30°-partials.  Since, 
as  follows  from  (1)  the  bound  carrier  states  at  a  90°-partial 
dislocation  are  deeper,  it  provides  the  main  contribution  to  the  PL. 
As  for  the  effect  of  the  strain  field  of  a  30°-partial,  it  may  be 
considered  as  a  perturbation  [4].  Therefore  in  a  crystal  containing 
dislocations  with  different  widths  of  SF  one  observes  line  series 
[5]  corresponding  to  different  separations  between  partials,  which 
varies  discretely  with  a  step  equal  to  the  lattice  constant  of  the 
SF  [4].  Thus  according  to  (1)  PL-spectrum  of  a  60°-dislocations  with 
different  degrees  of  dissociation  should  extend  from  the  line  at 
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Table  1 


Dislocation  type 

b/a 

(bya)^ 

E,meV 

hti),meV 

Experiment 

Screw  non-split 

1/2[110] 

0 

0 

- 

- 

30°-partial  glide 

1/6[211] 

1/24 

30 

1140 

- 

Stair-rod  partial 

1/6[110] 

1/18 

45 

1125 

1030 

[113] -defect 

1/3[001] 

1/9 

90 

1080 

903 

90° -partial  glide 

1/6 [112] 

1/6 

130 

1040 

1025 

Frank  partial 

1/3[111] 

1/3 

270 

900 

870(D2) 

60° -non-split 

1/2[101] 

3/8 

300 

870 

- 

Lomer-Cottrell 

1/2[110] 

1/2 

400 

770 

807(D1) 

line  at  1040  meV  corresponding  to  an  isolated  90°-partial.  It  is  an 
intermediate  line  D4  (hu  =  1000  meV) ,  that  corresponds  to  a 
60°-dislocation  with  an  equilibrium  SF  width  of  50  A. 


3.  Photoluminescence  spectra  of  structural  defects  in  silicon 

Reliable  attribution  of  the  PL  lines  to  the  structural  defects  in  Si 
is  complicated  by  difficulties  in  preparing  crystals  containing  only 
one  particular  defect  type.  Therefore  the  compiling  of  an  atlas  of 
structural  defect  spectral  lines  requires  a  systematic  study  of  the 
PL  spectra  of  crystals  with  different  defects  prepared  by  different 
techniques.  The  present  work  is  an  attempt  at  such  a  study. 

The  PL-spectra  and  TEM  micrographs  obtained  are  given  below  in 
Figs.l,a-k,  where  the  corresponding  Burgers  vector  increases  from  a 
to  k.  All  the  spectra  were  measured  using  an  Ar  laser  with 
\  =  0.5145  m,  W  -  300  mW,  at  T  =  4.2  K. 

Fig.l,c,f  shows  PL  spectra  and  TEM-micrograph  of  silicon 
crystals  prepared  by  uniaxial  two-stage  deformation  along  the  [213] 
and  [111]  axes  (the  first  stage  t  =  1.2  MPa,  T  =  800°C,  e  =  0.3%, 
second  stage:  x  =  250  MPa  for  [213],  and  t  =  170  MPa  for  [111], 
T  =  420°C,  t  =  30  min,  c  »  0%) . 

In  the  first  case  crystal  contains  perfect  Shockley  loops  and 
PL-spectrum  consists  of  series  lines  corresponding  to 
non-equilibrium  eo^-dislocations  [5]  and  weak  lines  hu  =  807  meV 
(Dl)  and  hw  =  870  meV  (D2)  (Fig.l,c).  The  latter  had  different 
identifications  as  lines  linked  with  point  defects  near  a 
dislocation  [5],  with  oxidation-induced  SF  (OSF)  [6]  and  with 
Lomer-Cottrell  dislocations  (L-C)  [1]. 

In  the  second  case  three  glide  systems  are  excited  and  TEM 
picture  shows  a  lot  of  L-C  dislocation  (Fig.l,f).  The  intensity  of 
Dl  line  has  grown  which  supports  the  interpretation  of  Dl  as  due  to 
the  L-C  dislocations.  As  for  D2,  it  can  be  preliminary  attributed  to 
sessile  Frank  partials  which  may  form  in  the  climb  of  dissociated 
SO'-dislocations  [7],  or  in  condensation  of  non-equilibrium 
interstitial  atoms  or  vacancies  into  Frank  dislocation  loops  during 
deformation. 

Fig.l,e  presents  spectra  and  TEM  micrographs  of  Si  crystals 
prepared  by  oxidation  of  plates  with  "softly"  damaged  (100)  surface 
in  an  oxygen  ambient  at  T  =  lOBO^C  for  10  min.  Under  these 
conditions,  the  formation  of  defects  of  two  types  was  observed  in 
the  crystals,  namely,  OSFs,  lying  in  (111)  planes  and  bounded  by 
Frank  dislocations  with  a  Burgers  vector  1/3  [111],  and  half  loops 
extended  along  the  surface  and  made  up  of  perfect  dislocations  with 
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bounded  primarily  by  L-C  dislocations.  As  seen  from  the  figure,  in 
this  case  the  spectrum  exhibits  the  principal  line  D1  and  the  weak 
line  D2.  Since  D1  has  already  been  identified  as  due  to  the 
Lomer-Cottrell  dislocation  emission,  the  line  D2  can  be  attributed 
to  the  emission  taking  place  due  to  Frank  dislocations. 

Fig.l,g  presents  a  spectrum  and  TEM  micrograph  of  an  FZ  crystal 
prepared  by  the  zone  stopping  technique.  This  crystal  contains  only 
A-type  microdefects  which,  as  seen  from  TEM  contrast,  consist  mainly 
of  L-C  dislocations.  The  spectrum  has  one  principal  line  D1  in 
agreement  with  the  above  interpretation. 

shown  in  Figs.l,h-k  are  PL  spectra  of  crystals  with  A  +  B, 
B,C,D  microdefects  respectively.  All  the  spectra  reveal  primarily  a 
broad  emission  band  in  the  region  of  D1  and  D2  which  agrees  with  the 
concept  of  these  microdefects  as  being  loops  lying  in  the  (111)  and 
(110)  planes  and  bounded  by  Frank  or  L-C  dislocations  [8].  The  width 
of  these  bands  depends  apparently  on  the  spread  in  the  dimensions  of 
these  loops  (50  +  10^  A). 

Figs.l,a,b  present  spectra  and  TEM  micrographs  of  two  crystals 
with  intrinsic  epitaxial  SF  (ESF)  obtained  by  epitaxial  growth  of 
the  damaged  surface.  The  samples  differ  by  impurity  concentrations. 
As  seen  from  the  micrographs,  the  samples  contain  mainly  complete  or 
incomplete  tctrahedrals.  The  edges  of  the  complete  tetrahedral  are 
formed  by  stair-rod  dislocations,  but  the  incomplete  ones  terminate 
in  sessile  Frank  partials  or  Shockley  partials  [9].  Therefore  the 
broad  line  in  the  Fig.l,a  at  hu  =  1030  meV  can  apparently  be 
attributed  to  a  stair-rod  dislocation  decorated  by  shallow 
impurities,  and  that  in  the  Fig.l,b  at  hu  =  1025  meV,  to  an  isolated 
90°  Shockley  partial. 

Fig.l,d'  shows  spectra  and  TEM  micrographs  of  a  crystal 
containing  rod-like  defects  (RLD)  and  dislocation  dipoles.  Since  the 
dislocation  dipoles  consist  of  non-dissociated  60°  dislocations  or 
L-C  dislocations,  their  emission  lines  should  be  close  to  Dl  and  the 
line  hu  =  903  meV  observed  at  shorter  wavelengths  can  be  reasonably 
attributed  to  RLDs,  which,  by  Bender  [10],  are  bounded  by 
dislocations  with  a  Burgers  vector  1/3 [001]. 

Thus,  all  these  data  provide  an  atlas  of  the  main  extended 
structural  defects  in  silicon.  As  can  be  seen  from  Table  1,  there  is 
an  approximate  correspondence  of  the  line  positions  to  formula  (1) , 
which  proves  the  key  role  of  dislocation  strain  field  in  the 
luminescence  formation. 

In  conclusion  we  consider  the  effect  of  quenching  and  annealing 
of  Si  crystals  with  growth-in  dislocations  on  the  spectra  of 
dislocation-related  PL. 

Recently  Higgs  et  al  [11]  revealed  that  in  Si  crystals  with 
undecorated  dislocations  there  is  no  dislocation-related  PL. 
Luminescence  appeared,  however,  after  light  contamination 
(0.003  -  0.1  monolayer)  of  crystals  by  transition  metal  impurities 
(Cu,Ni,Fe).  The  positions  of  the  lines  are  independent  of  the 
impurity  type.  At  the  same  time  larger  amounts  of  transition  metal 
impurities  were  found  to  suppress  the  dislocation-related  PL. 

These  results  can  be  explained  by  assuming  that  small 
concentration  of  transition  metal  impurities  passivate  deep 
recombination  centers  in  the  dislocation  core  and  increase  the 
carrier  lifetime  in  the  Id-bands.  When  introduced  in  high 
concentrations,  however,  transition  metal  impurities  result  in  the 
formation  of  precipitates  on  dislocations  and  in  a  decrease  of  the 
lifetime. 

To  vary  the  transition  metal  concentration  in  dislocation 
cores,  we  used  quenching  and  annealing  of  FZ  Si  crystals 
(Nj  =  lo‘^  cm'^)  with  a  low  concentration  of  growth-in  dislocations 


Fig.l  PL-spectra  and  TEM- 
micrograhps  of  various 
defects  in  Si  crystals 
a  -  perfect  epilayer  SF 
d  -  imperfect  epilayer  SF 
c  -  Shockley  loops 
d  -  rod-like  defects 
e  -  oxidation-induced 
defects 

f  -  L-C  dislocations 
g,h,i,j,k  -  A,A+B,B,c,D- 
microdefects  respectively. 
The  scale  used  in  the  TEM- 
micrographs  is  1.5,  1.0, 
0.7,  0.7,  0.5,  0.4,  0.7  (im 
in  1  cm  from  a  to  g, 
respectively. 
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D4  and  Dl,  as  well  as  the  weaker  D3  and  D2. 

The  quenching  was  performed  by  dropping  the  sample  into 
silicone  oil  with  T  =  20°c,  and  annealing,  by  maintaining  it  for 
10  min  in  argon  ambient.  The  line  D4  disappeared  at  quenching 
temperatures  T  >  400°C,  and  Dl,  at  T  >  500°C.  This  can  be  explained 
by  the  glide  of  the  dissociated  SO^-dislocations  (D4)  and  the  climb 
of  L-C  dislocations  (Dl)  under  thermoelastic  stress  and  their  escape 
from  the  impurity  atmosphere  [ 12 ] . 

Under  annealing,  the  intensity  of  D4  recovered  at  T^  =  450°C, 

while  that  of  Dl  recovered  partially  at  500°C,  with  a  dramatic 
increase  at  T  =  900°C.  The  recovery  of  the  luminescence  of  D4  and, 
partially,  of  Dl  at  T  =  450  -  500°C  can  be  attributed  to  the 
passivation  of  core  dislocation  states  by  diffusing  transition  metal 
impurities  which  are  activated  at  these  temperatures  [13].  The 
dramatic  increase  of  Dl  intensity  when  annealing  at  T  =  soo'c  can  be 
accounted  for  by  the  growth  of  sessile  L-C  dislocation  loops  [10]. 

It  was  also  found  that  the  PL  did  not  disappear  when  the  same 
crystals  contaminated  intentionally  with  copper  (lo'^  cm’^)  were 
quenched.  Neither  did  the  quenching  affect  the  PL  in  crystals  with 
a  high  dislocation  density,  N  >  lo’  cm’^.  These  facts  can  be 

explained  by  the  impossibility  for  dislocations  to  escape  from 
copper  impurities  because  in  the  first  case  the  impurities  are 
spread  throughout  the  crystal  and  in  the  second  case  dislocations 
become  less  mobile  due  to  their  interaction. 

All  these  data  are  consistent  with  our  hypothesis  of  the 
passivation  of  core  dislocation  states  by  transition  metal 
impurities,  but  of  course  a  more  direct  evidence,  based  on  the 
lifetime  measurements  is  still  needed. 

The  authors  are  grateful  to  Prof .H. Alexander  and  his  colleagues 
for  providing  us  with  samples  of  deformed  Si,  as  well  as  to 
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ABSTRACT 

Microscopic  distributions  around  dislocations  of  both  band-edge  emission  at  1.09  eV 
and  deep-level  emission  at  0.77  eV  at  room  temperature  have  been  observed  for  the 
first  time  in  a  Czochralski-grown  Si  crystal,  cooled  rapidly  by  detaching  it  from  the 
melt  and  subsequently  annealed  at  1000®C.  The  intensity  variation  reflects  the  dis¬ 
tribution  of  vacancies  which  are  frozen-in  during  rapid  cooling  and  are  absorbed  by 
dislocations.  The  0.77  eV  band  is  considered  to  originate  in  small  oxygen  precipi¬ 
tates  in  the  embryonic  stage. 


1.  Introduction 

Vacancies  and  interstitials  play  a  key  role  in  the  oxygen  precipitation  process  in 
Czochralski(CZ)-grown  Si  crystals.  Despite  many  efforts  to  measure  them  directly, 
none  has  yet  been  successful.  Edge-tsrpe  dislocations  are  known  to  act  as  both  sinks 
and  sources  for  the  point  defects.  As  a  result,  anomalous  oxygen  precipitation  oc¬ 
curs  in  the  vicinity  of  the  dislocations  after  annealing.!  The  purpose  of  this  study 
was  to  analyze  the  behavior  of  the  point  defects  by  photoluminescence  (PL)  mapping 
technique.  We  have  observed  for  the  first  time  the  microscopic  distribution  around 
dislocations  of  both  band-edge  and  deep-level  emissions  at  room  temperature.  The 
association  of  the  deep-level  emission  with  the  point  defects  is  discussed. 


2.  Experimental 

A  <100>  Si  ingot  with  a  dieuneter  of  75  mm  was  grown  by  a  conventional  puller.  The 
growing  ingot  was  detached  from  the  melt  in  order  to  freeze-in  point  defects.  In  this 
particular  ingot,  slip  dislocations  were  introduced  into  the  crystal  accidentally. 
Wafers  were  sliced  from  the  ingot  parallel  to  the  growth  direction,  and  then  sub¬ 
jected  to  isothermal  annealing  at  1000®C  for  15  min  - 16  h.  For  comparison,  a  float- 
zoned  (FZ)  crystal  with  dislocations  the  same  order  of  magnitude  as  the  CZ  sample 
was  prepared.  The  FZ  sample  was  subjected  to  the  identical  isothermal  annealing. 

The  PL  spectroscopic  analysis  and  PL  intensity  mapping  were  performed  by  two  ap¬ 
paratus.  One  was  used  for  spectroscopy  and  macroscopic  mapping  with  a  spatial 
resolution  down  to  100  pm.^  The  sample  was  mounted  on  an  XY  stage  and  irradi¬ 
ated  with  the  488  nm  line  of  an  Ar  ion  laser  or  the  647  nm  line  of  a  Kr  ion  laser.  The 
beam  diameter  and  incident  power  of  the  lasers  was  about  100  pm  and  1  - 10  mW  on 
the  sample  surface,  respectively.  The  PL  from  the  sample  was  dispersed  with  a 
grating  monochromator  and  detected  by  a  Ge  pin  diode.  The  spectral  response  of 
the  measurement  system  was  calibrated  with  blackbody  radiation.  For  low  temper¬ 
ature  measurements,  the  sample  was  mounted  in  a  temperature  variable  cryostat. 

The  other  apparatus  has  been  newly  developed  for  microscopic  mapping  and  has  a 
spatial  resolution  down  to  1  pm.  The  sample  was  mounted  on  a  rotation,  tilt,  and 
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XYZ-translation  stage.  The  488  nm  line  of  an  Ar  ion  laser  was  focused  onto  the 
sample  using  a  near  infrared  (NIR)  objective  of  magnifications  ranging  from  lOx  to 
lOOx.  The  beam  diameter  was  varied  from  1  to  200  pm  with  an  incident  power  of  1  ■ 
10  mW.  The  PL  from  the  sample  was  collected  from  the  front  surface  using  the 
same  objective.  Specific  PL  bands  for  intensity  mapping  were  extracted  by  a  cornbi- 
nation  of  filters.  A  Ge  pin  diode  or  a  photomultiplier  was  used  for  the  PL  detection. 
The  wavelength  coverage  of  the  system  ranges  from  500  to  1800  nm. 

The  sample  was  first  investigated  by  the  former  apparatus,  and  the  area  of  interest 
then  studied  further  by  the  latter  system.  The  concentration  of  interstitial  oxygen 
with  its  variation  across  a  sample  was  determined  by  infrared  (IR)  absorption  spec¬ 
troscopy.  The  distributions  of  dislocations  and  oxygen  precipitates  were  visualized 
by  X-ray  topography. 


3.  Results 

Dislocations  introduced  into  the  sample  were  revealed  by  X-ray  topography.  Figure 
1  (a)  shows  the  X-ray  topograph  of  the  sample  after  annealing  at  1000°C  for  4  h.  The 
topograph  is  just  the  same  as  the  one  taken  before  the  annealing.  Straight  white 
lines  are  slip  dislocations.  The  contrast  changes  depending  on  the  measurement 
conditions.  Detailed  PL  analysis  was  made  in  the  area  outlined  by  the  square. 


Pulling 

Direction 


t 


I  ■  ,  I 

10  mm 


Fig.  1.  X-ray  topographs 
of  CZ-Si  crystal  de¬ 
tached  from  the  melt 
and  annealed  at 
1000®C  for  (a)  4  h  and 
(b)  16  h.  Area  outlined 
by  square  is  examined 
by  PL  mapping. 
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When  the  annealing  time  exceeds  8 
h,  white  contrast  with  a  striation 
pattern  is  vaguely  visible  in  the  X-ray 
topograph.  This  white  contrast  be¬ 
comes  intense  with  increase  in  the 
annealing  time  and  is  due  to  the 
oxygen  precipitates.  This  is  sup¬ 
ported  by  the  fact  that  the  concentra¬ 
tion  of  the  interstitial  oxygen  starts  to 
decrease  after  8  h  annealing  in  the 
white  contrast  region.^  The  X-ray 
topograph  after  16  h  annealing  is 
shown  in  Fig.  1  (b).  The  sample  is 
not  identical  with  the  one  in  Fig.  1 

(a) ,  but  ia  sliced  from  an  adjacent 
part  of  the  ingot.  The  area  outlined 
by  the  square  corresponds  with  that 
outlined  in  Fig.  1  (a).  It  should  be 
noted  that  the  white  contrast  disap¬ 
pears  in  the  vicinity  of  dislocations. 

Correspondingly,  the  interstitial 
oxygen  concentration  is  higher  in 
this  region,  indicating  the  retarda¬ 
tion  of  oxygen  precipitation  around 
dislocations. 

PL  spectra  of  the  samples  were  mea¬ 
sured  at  room  temperature.  In  the 
as-grown  sample  only  band-edge 
emission  w'ith  a  peak  at  1.09  eV  is  observed.  A  short  time  anneal  at  1000'’C  for  less 
than  1  h  does  not  induce  any  substantia!  change  in  the  PL  spectra.  When  the  an¬ 
nealing  time  exceeds  4  h,  deep-level  emission  with  a  peak  at  0.77  eV  appears  besides 
the  band-edge  emission,  as  shown  in  Fig.  2.  The  PL  intensities  of  the  two  bands 
vary  depending  on  the  measurement  position;  close  to  dislocations  or  away  from 
dislocations. 

In  order  to  examine  the  intensity  variation  in  more  detail  the  PL  intensities  of  the 
two  bands  were  mapped  in  the  outlined  area  in  Fig.  1  (a),  as  shown  in  Fig.  3.  The 
intensity  of  the  0.77  eV  band  is  reduced  along  dislocation  lines,  while  that  of  the  1.09 
eV  band  is  raised  along  these  lines.  The  two  PL  intensity  patterns  make  a  comple¬ 
mentary  contrast.  A  periodic  intensity  fluctuation  is  recognized  perpendicular  to 
the  growth  direction,  possibly  corresponding  to  the  growth  striation.  The  spatial 
resolution  of  100  pm  in  Fig.  3  was  not  high  enough  to  investigate  the  intensity  varia¬ 
tion  in  the  vicinity  of  dislocations.  We  measured  microscopic  intensity  variations 
with  a  resolution  of  10  pm  in  the  area  outlined  by  the  square  in  Fig.  3. 

Microscopic  mappings  in  Fig.  4  reveal  characteristic  intensity  variations.  The  in¬ 
tensity  of  the  0.77  eV  band  is  raised  along  the  dislocation  line  with  a  width  of  about 
30  •  40  pm.  This  core  region  is  surrounded  by  a  low-intensity  region  about  100  pm 
wide  (denuded  zone).  The  outer  background  region  shows  the  highest  intensity.  A 
complementary  intensity  profile  is  observed  for  the  1.09  eV  band,  as  shown  in  Fig.  4 

(b) .  These  intensity  patterns  correspond  more  to  Fig.  1  (b)  (after  16  h  anneal)  than  to 
Fig.  1  (a)  (after  4  h  anneal),  although  the  PL  mappings  are  on  the  same  sample  as 
in  Fig.  1  (a). 


800  1000  1200  1400  1600  1800 

WAVELENGTH  (nm) 


Fig.  2.  PL  spectra  of  CZ-Si  sample 
annealed  at  1000“C  for  4  h:  (a) 
close  to  dislocation,  (b)  away  from 
dislocation. 
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The  intensity  patterns  after  16  h  annealing  look  similar  to  Figs,  3  and  4.  The  widths 
of  the  core  region  and  the  denuded  zone  are  extended  to  about  50  -  80  pm  and  200 
pm,  respectively.  In  the  as-grown  sample,  the  intensity  of  the  1.09  eV  band  is  de¬ 
creased  along  dislocation  lines  with  a  width  of  about  20  -  40  pm.  The  denuded  zone 
is  not  formed  around  dislocations. 

For  the  dislocated  FZ  sample,  only  the  1.09  eV  band  is  observed  before  and  after  an¬ 
nealing.  The  intensity  variation  of  this  band  is  the  same  as  for  the  as-grown  CZ 
sample,  and  the  intensity  is  decreased  along  the  dislocation  core  region.  The  an¬ 
nealing  at  1000°C  neither  changes  the  intensity  pattern  of  the  1.09  eV  band  nor  in¬ 
duces  the  0.77  eV  band. 


(a)  (b)  •-•1  mm 

Fig.  3.  PL  mapping  of  (a)  0.77  eV  band  and  (b)  1.09  eV  band  in  area  outlined  by 
square  in  Fig.  1  (a)  (CZ-Si  sample  annealed  at  1000*C  for  4  h)  with  a  spatial  reso¬ 
lution  of  100pm.  Whiter  contrast  indicates  higher  intensity.  Area  outlined  by 
small  square  is  examined  by  highly  resolved  PL  mapping  in  Fig.  4. 


(a)  (b)  ' — '  100  pm 

Fig.  4.  Microscopic  PL  mapping  of  (a)  0.77  eV  band  and  (b)  1.09  eV  band  around  dis¬ 
location  outlined  by  square  in  Fig.  3  (CZ-.Si  sample  annealed  at  lOOO^C  for  4  h) 
with  a  spatial  resolution  of  10  pm.  Whiter  contrast  indicates  higher  intensity. 
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Temperature  dependence  of  the  0.77 
eV  band  was  investigated  as  shown 
in  Fig.  5.  The  0.77  eV  band  is  pri¬ 
marily  traceable  to  the  line  at  0.813 
eV  and  secondarily  to  the  line  at 
0.874  eV  at  liquid  helium  tempera¬ 
ture.  The  two  lines  look  similar  to 
the  so-called  D1  and  D2  lines,  respec¬ 
tively,  which  are  reported  to  be  due  to 
dislocations.3-6  However,  it  should 
be  pointed  out  that  the  peak  position 
of  the  0.813  eV  line  is  substantially 
different  from  the  D1  line  (0.808  eV),'^ 
which  appears  in  plastically  de¬ 
formed  FZ  crystals'*  and  CZ  crystals 
involving  dislocation  loops  punched 
out  from  oxygen  precipitates.® 


4.  Discussion 

An  annealing  at  1000“C  for  16  h 
barely  induces  oxygen  precipitation 
in  conventional  CZ  Si  wafers.  The 
oxygen  precipitation  in  the  present 
sample  is  due  to  the  excess  vacancies 
frozen-in  by  rapid  cooling.^  The 
presence  of  vacancies  enhances  the 
oxygen  precipitation  by  the  reaction: 

2Si  +  20i  -I-  vacancy  -*  Si02 
Because  vacancies  are  absorbed  by  dislocations,  the  oxygen  precipitation  is  retarded 
in  the  vicinity  of  the  dislocations. 

The  0.77  eV  PL  band  appears  after  4  h  anneal,  and  the  oxygen  precipitates  are  not 
detected  by  either  IR  spectroscopy  or  X-ray  topography.  The  intensity  variation  of 
the  0.77  eV  band  corresponds  to  the  X-ray  topograph  after  the  oxygen  precipitation 
occurs:  the  intensity  of  the  band  is  raised  where  the  oxygen  precipitates  will  arise 
after  prolonged  annealing.  The  0.77  eV  band  does  not  appear  in  the  as-grown  sam¬ 
ple.  These  results  lead  us  to  suggest  that  the  origin  of  the  0.77  eV  band  is  the  initial 
stage  of  oxygen  precipitates  or  the  extended  form  of  the  nucleation  center  for  the 
oxygen  precipitation.  Possible  candidates  are  small  Si02  precipitates  and  small  ag¬ 
glomerates  involving  vacancy  and  oxygen.  The  participation  of  oxygen  in  the  0.77 
eV  band  is  decisive,  because  this  band  does  not  appear  in  the  dislocated  FZ  sample. 
The  0.77  eV  band  is  different  from  the  deep  level  emissions  associated  with  the 
thermal  donors  and  the  new  donors,®  which  are  also  believed  to  be  the  early  stage  of 
oxygen  precipitates. 

The  small  precipitates  or  agglomerates  are  gettered  by  dislocations  through  their 
strain  field,  which  pushes  up  the  intensity  of  the  0.77  eV  band  along  the  core  region 
of  the  dislocations.  These  small  precipitates  or  agglomerates  form  deep  levels 
which  act  as  radiative  recombination  centers  for  the  0.77  eV  band.  The  complemen¬ 
tary  intensity  contrast  for  the  1.09  eV  band  is  explainable  as  being  due  to  the  con¬ 
sumption  of  excited  carriers  at  the  deep  levels. 

In  the  remaining  paragraph  we  will  discuss  the  correlation  between  the  present 
0.77  eV  band  and  the  dislocation-related  D1  and  D2  lines.  The  0.77  eV  band  is  trace- 
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Fig.  5.  Temperature  dependence  of 
PL  spectr?.  of  CZ-Si  sample  an¬ 
nealed  at  lOOO^C  for  4  h. 
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able  to  the  lines  at  0.813  eV  and  0.874  eV  at  liquid  helium  temperature.  It  is  clear 
that  the  0.77  eV  band  is  not  directly  related  to  dislocations,  because  its  intensity  be¬ 
comes  highest  away  from  dislocations  (Fig.  3),  and  because  there  is  a  substantial 
difference  in  the  peak  position  between  the  0.813  eV  line  and  the  D1  line  (0.808  eV). 
The  closeness  of  the  0.813  eV  line  to  the  D1  line  and  the  pairing^  with  the  0.874  eV 
line  or  the  D2  line,  however,  suggests  some  common  features  between  the  0.77  eV 
line  and  the  D1  and  D2  lines. 

It  is  worthwhile  to  point  out  that  the  association  of  point  defects  with  the  D1  and  D2 
lines  has  been  suggested  previously.  Sauer  et  al.  interpreted  that  the  D1  and  D2 
lines  are  related  to  point  defects  in  the  strain  field  of  dislocations.'^  Higgs  et  al.  re¬ 
ported  that  the  D1  through  D4  lines  are  due  to  metal  atoms  or  point  defect  complexes 
trapped  in  the  strain  fields  of  dislocations.^  We  can  rule  out  the  association  of  metal 
atoms  in  our  case:  if  metal  contamination  during  the  annealing  had  caused  the  0.77 
eV  band,  the  band  would  also  have  appeared  in  the  dislocated  FZ  sample. 


5.  Conclusion 

The  microscopic  intensity  variation  of  the  deep  level  emission  at  0.77  eV  at  room 
temperature  has  been  observed  for  the  first  time  in  a  CZ  Si  crystal,  cooled  rapidly  by 
detaching  it  from  the  melt  and  subsequently  annealed  at  1000®C,  "rhe  intensity  vari¬ 
ation  in  the  vicinity  of  dislocations  is  correlated  with  the  distribution  of  vacancies 
which  are  frozen-in  during  the  rapid  cooling  and  are  absorbed  by  the  dislocations. 
Although  the  0.77  eV  band  is  traceable  to  the  lines  close  to  the  D1  and  D2  lines  at  liq¬ 
uid  helium  temperature,  the  band  is  concluded  not  to  originate  in  dislocations 
themselves.  The  deep  levels  responsible  for  the  0.77  eV  band  are  suggested  to  be  due 
to  the  embryonic  stage  of  oxygen  precipitates,  possibly  small  Si02  precipitates  or 
small  agglomerates  involving  oxygen  and  vacancy. 
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The  atomic  conf igulations  and  electronic  states  of  dislocations  in 
covalent  semiconductors  are  studied  using  an  LCAO  ( linear  combination 
of  atomic  orbitals)  recursion  electronic  theory.  Partiqular  attention 
will  be  focused  on  the  determination  of  band  gap  states  associated 
with  the  dislocation  line  and  point  like  singularities,  "solitons", 
in  the  dislocation  core  region,  using  the  calculated  electronic 
states  of  the  dislocations,  we  discuss  the  effects  of  impurity  doping 
and  non-radiative  recombination  of  the  injected  carriers  on  the 
dislocation  motion  in  the  semiconductors. 


1.  INTRODUCTION 

It  has  been  well  established  that  the  dislocation  mobility  in 
semiconductors  is  affected  quite  significantly  by  doping  of 
electrically  active  impurities  [Ij.  The  effect  of  n-doping  is  quite 
large  for  Si  and  Ge,  and  it  increases  the  dislocation  velocity  by 
reducing  the  apparent  activation  energy  of  dislocation  motion.  The 
behavior  of  p-doping  is  anomalous,  but  for  high  concentrations  of 
acceptors,  the  velocity  also  increases  (decreases)  when  compared 
with  intrinsic  si  (Ge) .  On  the  other  hand,  dislocation  motion  in 
covalent  semiconductors  (e.g.,  GaAs,  inP,  GaP  and  Si)  is  strongly 
enhanced  by  irradiation  of  electron  beam  or  laser  light  (2,3].  The 
observed  excitation  enhancement  of  the  disxocation  motion  can  be 
interpreted  in  terms  of  the  reduction  in  activation  energy  of  non- 
radiative  recombination  of  injected  carriers  at  the  dislocation  core 
[4] .  In  the  present  study,  we  focus  our  attention  to  the  electronic 
states  associated  with  dislocations  in  covalent  semiconductors.  We 
calculate  the  atomic  configurations  and  local  electronic  states  of 
dislocations  in  Si  crystals  using  the  LCAO  (linear  combination 
atomic  orbitals)  recursion  electronic  theory  [5] . 

Using  the  calculated  electronic  states  of  the  dislocations,  we  also 
discuss  the  effects  of  impurity  doping  and  non-radiative 
recombination  of  the  injected  carriers  on  the  dislocation  motion  in 
the  semiconductors.  We  will  show  that  the  point  like  singularities 
"solitons"  exsisting  in  the  reconstructed  core  are  responsible  for 
the  deep  levels  of  the  dislocation  cores.  This  conclusion  is 
identical  to  that  of  the  earlier  work  by  Reggie  and  Jones  [6]  in  the 
sense  that  point  like  irregularities  play  an  important  role  in  the 
elemental  process  of  the  dislocation  motion.  However,  the  present 
calculations  are  in  distinction  with  the  previous  ones  in  the 
following  points:  we  have  found  that  "solitons"  in  the  reconstructed 
dislocation  core  with  very  small  atomic  displacements A( for  details, 
see  Fig.l)  can  produce  the  prominent  deep  levels  in  the  band  gap. 
This  is  in  accordance  with  the  recent  theoretical  speculation  by 
Maeda  and  Takeuchi  [4]  on  the  dislocation  mobility  and  experimental 
result  on  the  dislocation  core  using  the  high  resolution  electron 
microscopy  observations  (no  evidence  of  strong  core  reconstruction) 
PJ. 
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2 .  PRINCIPLE  OF  CALCULATIONS 

To  calculate  the  i  configuration  of  the  dislocation  core,  we 

use  the  LCAO  recurs  theory  and  the  quenched  nolecular  dynaiiics 
method  {8] .  We  assum  .hat  the  total  energy  of  the  system  can  be 
given  by  a  sum  of  the  band  structure  energy  E|}  and  the  pairwise 
repulsive  energy  E^  contributions.  The  band  structure  energy  E^  can 
be  calculated  from  the  electronic  Green's  functions  of  the  continued 
fraction  form; 

Gii(E)  =  1/IE  -  a^  -  bj/ (E  -  a2  b^/ (E  -  aQ.}.!  -bn+i/E  -.J ,  (1) 

where  a^  and  bj:  are  the  recursion  coef  f  icents  and  obtained  by  usual 
recursion  technique  [5). The  local  density  of  staes  (DOS)  pi(E)  on 
atomic  site  i  can  then  be  calculated  from  the  Green's  function 


pi(E)  -  -(l/ff)  ImGiiCE  f  is  )  .  (2) 

The  atomic  energy  levels  and  two  center  hopping  integrals  are  taken 
from  Ref  .9  for  the  atomic  configuration  calculation  of  the 
dislocations.  This  set  of  transferable  TB  parameters  reproduces  well 
the  equilibrium  volumes  of  close  packed  structures  of  Si  and  is 
suitable  for  extensive  molecular  dynamics  simulations.  On  the  other 
hand,  the  minimal  basis  sp^s*  basis  functions  proposed  by  Vogl  et 
al.  [10]  are  used  for  the  electronic  structure  calculations  of  the 
dislocations.  In  this  model,  the  addition  of  an  excited  s-like 
states,  8*,  to  the  usual  sp^  minimal  basis  set  has  the  effect  of 
reducing  the  energy  of  the  indirect  conduction  band  minimum  ^ 
coupling  to  the  anti-bonding  p-like  conduction  band  state.  This 
model  has  been  applied  to  interpret  successfully  data  on  point 
defects,  bulk  and  surface  core  excitons  and  semiconductor  surface 
states  [11].  The  atomic  energy  levels  Eg,  Ep  and  E0*  are  shifted 
rigidly  so  as  to  ensure  the  local  charge  neutrality  in  the  crystal 
with  dislocations. 

To  terminate  the  recursion  coefficients,  we  also  use  two  different 
termination  schemes:  ( 1 )  For  the  atomic  conf imration  calculation  of 
the  dislocation,  we  use  the  simple  termination  scheme  proposed  by 
Beer  and  Pettifor  [  12] ,  with  the  exact  recursion  coefficients  up  to 
the  fouith  level,  we  use  the  more  elaborate  average  termination 
procedure  of  Ref .  13  for  the  electronic  structure  calculation  of  the 
dislocations:  The  recursion  coefficients  are  calculated  up  to  34th 
level  for  the  clusters  of  about  32800  atoms. 

Table  1.  TB  parameters  used  in  the  present  calculation  (eV) . 


material  Eg 

Ep  Es* 

880 

spo 

8*po 

ppo  ppx 

si 

-4.2 

1.715  6.69 

-2.075 

2.481 

2.327 

2.716  -0.715 

Ge 

-5.88 

1.61  6.39 

-1.695 

2.366 

2.260 

2.853  -0.823 

The  atomic  relaxation  calculation  is  preformed  by  using  the  quenched 
molecular  dynamics  method,  i.e. ,  by  integrating  the  Newtonian 
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equation  of  motion  with  the  central  difference  algolithm  [8] .  We  use 
the  following  explicit  expressions: 

ri(t+At)  =  2ri(t)  -  ri(t-At)  +  [Fi(t)/m]At2  +  0(At4)  ,  (3) 

Vi(t)  =  (l/2)[rj[(t+At)-ri(t-At)/At)  +  0(At3)  ,  (4) 

where  r£(  t ) ,  Vi(  t )  are  the  position  and  velocity  of  the  atom  i  at 
time  t  and  Fi(t)  is  the  force  acting  on  the  atom  i  at  this  time. The 
minimum  energy  atomic  configuration  can  be  determined  by  using  the 
quenching  procedure,  i.e. ,  the  velocity  of  an  atom  i  is  cancelled 
when  the  product  F£(t)Vj^{t)  is  negative. 

3 .  RESULTS  AHD  DISCUSSIONS 

In  a  diamond  cubic  crystal,  the  important  dislocations  are  the  6  0°, 
screw  and  90°(edge)  perfect  dislocations.  The  first  one  dissociates 
into  a  30°  and  90°partial  dislocations  while  the  others  split  into 
a  pair  of  30°and  60°partial  dislocations,  respectively.  All  the 
partials  ^.re  separated  by  intrinsic  stacking  faults.  The  plastic 
flow  occurs,  primarily,  through  the  motion  of  30°and  90°glide 
partials  lying  on  {111}  planes.  These  partials,  which  have  line 


Fig.l  Atonic  configurations 
of  reconstructed  30°  partial 
(a  and  b)  and  90°  partial  (c 
and  d)  dislocations  in  a 
diamond  cubic  crystal,  a)  and 
c)  [b)  and  d)]  show  the  re¬ 
constructed  structui''es  with 
small  atomic  displacements  of 
A=0.1dQ  [large  atomic  dis¬ 
placements  of  A=0.32dg]:  A 
denotes  the  magnitude^of  the 
atomic  displacement  in  the 
direction  of  the  arrow  and 
is  given  periodically  along 
the  dislocation  line  to 
produce  a  reconstructed 
structure . 
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directions  along  <110>  are  believed  to  be  reconstructed  into  a 
structure  with  no  dangling  bonds.  In  view  of  this,  we  have  performed 
the  elecronic  structure  calculations  for  30® and  90°  partial 
dislocations.  We  have  found,  from  the  atomistic  simulation  by  the 
quenched  molecular  dynamics  method,  that  the  atomic  displacements 
for  the  reconstructed  cores  (with  no  dangling  bond  states)  A  are 
rather  small  and  exsistence  of  fully  reconstructed  cores  are  not 
realized  easily  in  the  diamond  cubic  crystals;  slightly  larger 
atomic  displacements  A=0.l5do  (do  being  the  nearest-neighbour 
distance  of  the  perfect  si  crystal),  are  obtained  for  30°partial 
dislocations  in  si.  This  is  due  to  the  fact  that  the  energy 
reduction  due  to  the  reconstruction  of  the  dangling  bond  states  is 
not  so  ef fectve  compared  to  the  increase  of  the  elastic  energies 
due  to  the  distorted  bonds. 

Before  discussing  the  electronic  states  of  the  dislocations,  we 
briefly  summarize  the  recent  theories  of  enhanced  dislocation 
motion. 

3a.  Elemental  Process  of  Dislocation  Motion 

The  dislocation  motion  1  as  been  discussed  in  detail  by  Hirth  and 
Lothe  [14]  on  the  basis  b\  the  abrupt  kink  model.  The  dislocation 
velocity  is  generally  written  in  two  different  forms  according  to 
whether  the  kink-kink  collision  occurs  or  not 

fZdyTJv^  (X<<L)  ,  (5-a) 

V  = 

VdJL  (X>>L)  .  (5-b) 

Here  J  is  the  frequency  of  kink-pair  formation  per  unit  length  of 
the  dislocation,  Vj^  ir  the  lateral  velocity  of  a  kink  along  the 

Peierls  valley,  d  is  the  interval  of  Peierls  valleys,  X  is  the  mean 
free  path  of  migration  of  a  kink,  and  L  is  the  segment  length  of  a 
dislocation.  The  condition  X«L  and  X»L  respectively,  correspond  v 

to  the  dislocation  motion  with  and  wi  .lOut  kink-kink  collisions . 

Maeda  and  Takeuchi  [4]  have  derived  J  directly  from  a  set  of  rate 
equations  which  represent  the  equilibrium  jump  frequency  of  kinks  at 
each  kink  site  (0,1,2,...  in  Fig .  2 ) .  The  result  of  J  is  written  as 

1  P-1 

J  =  vs(bdT/kT)exp[-— (  2  (  AEi+-AE,  .  )  +  Ediff}  ]  ,  (6) 

kT  -jrO  ' 

where  Vg  is  the  trial  jump  frequency  of  straight-dislocation  sites. 


E 
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b  is  the  Burgers  vector,  t  is  the  shear  stress  component  in  the 
direction  of  b,  and  is  the  effective  activation  energy  barrier 

to  diffusive  kink  migration.  In  the  summation  of  the  above  eq.  ( 6 ) ,  p 
is  the  site  number  at  which  the  energy  of  a  kink  pair  assumes  the 
maximum  value,  and  denote  the  potential  barriers  to 

the  processes  of  site  i ->  site  (i  +  1)  and  site  i^site  (i+1), 
respectively.  On  the  other  hand,  the  lateral  kink  velocity  Vjj  is 
obtained  by  means  of  the  Einstein  relation  in  diffusive 
phenomenon  and  given  in  a  form  of  the  Ahrenius  type,  with  activation 
energy  of  .  One  can  then  discuss  the  elementary  process  of  the 

dislocation  motion  by  estimating  J  and  Vj^,  i.e. ,  the  summation  term 
and  in  eq.  (6)  taking  into  account  the  experimental  conditions. 

3b.  Electronic  States  and  Dislocation  Motion 

In  Fig.  3,  we  present  the  calculated  local  electronic  DOS  on  the  atom 
(soliton  site,  marked  by  A  in  Fig.  Ic)  in  the  core  of  90°partial 
dislocation  in  Si,  together  with  s-  (3a)  and  p-  (3b)  partial  DOS, 


Fig. 3  Electronic  DOS  of  atom  ("soliton"  site)  in  the  core  of 

9  0®  partial  dislocation  in  Si  (dashed  curves;  perfect  lattice). 
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One  can  see  in  Fig. 3  that  s-  and  p-  (and  s*)  partial  DOS  are 
strongly  deformed  due  to  the  variation  of  the  atomic  configuration 
of  the  dislocation  core.  In  these  calculations,  it  is  interesting 
that  the  prominent  deep  levels  of  "solitons"  (located  near  the 
center  of  the  band  gap)  appear  even  for  the  reconstructed  core  with 
small  atomic  displacements  of  A-O.ldQ.  This  means  that  there  can  be 
deep  centers  along  the  straight  dislocation  line  in  much  smaller 
density  than  that  of  the  geometrical  dangling  bonds  [  15  ] .  ( We  have 
obtained  a  broadened  DOS  structure  in  the  band  gap  for  the 
unreconstructed  core,  indicating  the  dislocation  states  extend  over 
the  entire  gap  region.  )  In  particular,  the  present  electronic 
structure  calculation  is  important  in  conjunction  with  the 
discussion  of  Sec.  3a:  By  using  eqs.5  and  6  and  the  experimental 
facts  that  (i)  X»L  is  realized  under  usual  experimental  conditions 
and  ( i  i  )  the  pre-exponential  factor  of  the  dislocation  velocity 
expression  is  propotional  to  the  excitation  intensity  I,  one  can 
show  that  the  reduction  in  activation  energy  AE  is  simply  equal  to 
AEg  (when  X«L,  AE=(AEg+AE]()/2) ,  where  AEg  and  AE](  are  the  energies 
released  upon  non-radiative  capture  of  excited  carriers  at  the 
straight  dislocation  site  and  kink  site,  respectively.  This  implies 
that  even  if  the  enhancement  of  kink  migration  occurs,  it  does  not 
contribute  to  the  dislocation  mobility  enhancement.  Therefore,  the 
observed  reduction  in  the  activation  energy  (0.68'v>0.82  eV  for 
intrinsic  Si)  of  the  enhanced  dislocation  motion  corresponds  to  the 
deep  energy  levels  associated  with  the  straight  dislocation  site. 
Furthermore,  it  must  be  noted  that  clear  evidence  of  core 
reconstruction  of  the  partial  dislocations  has  not  been  given  yet 
(7] .  Summarizing  these  theoretical  speculations  and  experimental 
observations,  we  come  to  the  conclusion  that  the  point-like 
singularities  such  as  solitons  (with  small  atomic  displacement  A)  or 
segregated  impurities  in  the  straight  dislocation  core  can  produce 
the  prominent  deep  levels  in  the  energy  band  gap. 

Finally,  we  note  that  the  doping  effects  of  the  electrically  active 
impurities  on  the  dislocation  motion  can  also  be  understood  in  terms 
of  the  deep  levels  associated  with  the  straight  dislocation  sites 
relative  to  the  Fermi  level. 
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ABSTRACT 

Recent  developments  in  high  resolution  transmission  electron  microscopy  allow  the  composition 
of  materials  to  be  mapped  at  near-atomic  sensitivity  and  resolution.  We  describe  how  such 
quantitative  chemical  mapping  techniques  can  be  used  to  study  important  solid  state  processes. 
Examples  include  chemical  stability  of  multilayers,  diffusion  of  native  point  defects,  and 
interaction  of  individual  energetic  ions  with  solids. 

1.  INTRODUCTION 

Scientifically,  solid  state  processes  are  of  fundamental  interest,  because  they  involve  a  rich 
variety  of  defect  reactions.  Technologically,  controlling  solid-state  prcoesses  is  essential  for  the 
fabrication  of  new  materials  and  devices.  Many  solid  state  processes  involve  the  substitution  of 
certain  atoms  on  the  lattice  with  other,  chemically  different  species,  leaving  the  structure 
essentially  unaltered.  Microscopic  understanding  of  such  phenomena  is  needed  to  make  contact 
with  theory,  and  to  achie.c  adequate  process  control  for  ultra-large  scale  integration  of 
semiconductor  devices. 

The  transmission  electron  microscope  is  now  routinely  used  to  reveal  the  atomic-scale  structure 
of  materials.  But  until  recently,  it  has  been  ineffective  in  revealing  the  atomic  details  of  the 
large  variety  of  solid  state  reactions  that  involve  only  compositional  changes.  This,  and  the 
qualitative  nature  of  TEM  analsyis  have  restricted  the  role  of  electron  microscopy  to  the 
examination  of  extended  defeats,  leaving  point  defects  and  their  reactions  inaccessible  to  direct 
microscopic  examination. 

Chemical  lattice  imaging  [1-3],  however,  is  a  TEM  based  technique  capable  of  revealing  changes 
in  the  sample  composition  with  atom -column  resolution.  The  application  of  recently  developed 
vector  pattern  recognition  algorithms  [4]  to  chemical  lattice  images  allows  the  composition  of 
individual  atomic  columns  to  be  determined  with  near-atomic  sensitivity;  single-  and  double¬ 
atom  substitutions  in  individual  atomic  columns  of  typical  semiconductors  can  be  detected  at 
~lo  (-60%  confidence)  and  2o  (90%  confidence)  levels,  respectively.  "Chemical  Mapping"  is 
thus  a  quantitative  means  for  studying  microscopic  changes  in  the  composition  of  materials  at 
the  atomic  level  [3]. 

In  this  paper,  we  outline  the  principle  of  quantitative  chemical  mapping,  and  briefly  describe 
some  of  its  applications.  Examples  will  include  the  chemical  stability  of  interfaces,  the  intrinsic 
thermodynamic  properties  of  native  point  defects,  and  the  fundamentals  of  ion-solid  interactions. 
Details  can  be  found  in  the  references  provided  in  the  text. 
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2.  CHEMICAL  LATTICE  IMAGING 

Compositional  changes  in  a  material  that  involve  changes  in  the  atomic  occupancy  of  a  subset  of 
lattice  sites  necessarily  cause  substantial  changes  in  a  set  of  reflections,  that  we  name  chemical. 
An  example  is  the  (200)  reflection  ip  the  zinc  blende  system;  when  the  primary  electron  beam 
enters  the  sample  along  a  <100>  direction,  the  (200)  reflection  occurs  only  because  of  chemical 
differences  in  the  occupants  of  the  two  fee  sublattices.  Similar  reflections  exist  in  all  materials 
whose  compositional  changes  involve  changes  in  the  occupancy  of  a  subset  of  lattice  sites.  At 
the  simplest  level,  chemical  lattice  imaging  seeks  first  to  use  dynamical  interactions  to  maximize 
the  intensity  of  such  chemical  reflections,  and  then  to  use  the  bandpass  characteristics  of  the 
objective  lens  to  enhance  their  contribution  to  the  image  [1-3]. 

Fig.  1(a)  is  a  chemical  lattice  image  of  a  GaAs  layer  between  its  two  AlGaAs  neighbors.  Note 
that  although  the  structure  of  the  sample  remains  zinc-blende  throughout,  the  image  changes 
strongly  on  crossing  the  interface.  This  is  because  in  a  chemical  lattice  image,  the  compositional 
information  in  the  sample  is  encoded  into  the  details  of  the  patterns  that  combine  in  a  mosaic  to 
form  the  image.  We  have  developed  a  pattern  recognition  approach,  which  examines  each  unit 
cell  of  the  image,  deduces  its  composition  by  comparing  it  with  a  model  (template)  image,  and 
yields  a  confidence  level  for  this  determination  [4].  In  semiconductors,  it  is  thus  possible  to 
detect  single-  and  double-atom  substitutions  in  individual  atomic  columns  of  materials  with 
-60%  and  -  90%  confidence,  respectively.  Fig.  1(b)  is  a  quantitative  chemical  map,  obtained  by 
pattern  recognition  analysis  of  the  chemical  lattice  image  shown  in  Fig.  1(a).  In  Fig.  1(b)  the 
height  represents  the  composition,  and  the  colors  provide  statistical  information,  with  color 
changes  corresponding  to  compositional  changes  with  an  eror  probability  of  less  than  3  parts  in 
10^. 

3.  CHEMICAL  STABILITY  OF  INTERFACES 

The  mechanical  stability  of  strained  interfaces  has  received  extensive  attention.  However,  even 
interfaces  between  materials  with  no  lattice  parameter  difference  are  far  from  equilibrium.  On 
crossing  a  modem  GaAs/AlGaAs  interface,  for  example,  the  A1  concentration  changes  by  several 
orders  of  magnitude  in  a  few  lattice  spacings.  As  originally  pointed  out  by  Cahn  [5],  such 
systems  relax  by  interdiffusion,  which  can  take  novel  pathways.  It  is  thus  scientifically 
worthwhile,  and  technologically  important  to  investigate  the  stability  of  interfaces  against 
interdiffusion.  In  most  semiconductors,  the  modest  diffusivitics  of  point  defects  limit  substantial 
relaxation  at  room  temperature.  However,  an  interface  can  relax  during  thermal  annealing,  in¬ 
diffusion  of  dopants,  or  ion-implantation. 

Given  chemical  maps  of  the  type  shown  in  Fig.  1(b),  it  is  straightforward  to  make  accurate 
measurements  of  the  interdiffusion  coefficient  at  single  interfaces  as  follows  [6,7).  The 
composition  profile  across  a  given  interface  is  measured  in  two  pieces  of  the  same  sample,  one 
of  which  has  been  annealed  in  bulk  form.  An  example  is  shown  in  Fig.  2,  where  composition 
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Fig.  1  (a)  Chemical  lattice  image  of  a  GaAs  quantum  well  between  two  AloAGao^As 

barriers,  (b)  three-dimensional  representation  of  a  quantitative  chemical  map 
obtained  by  vector  pattern  recognition  analysis  of  the  chemical  lattice  image  shown 
in  (a).  Height  represents  the  local  composition,  and  color  changes  represent  three 
standard  deviation  changes  in  the  signal,  i.e.  changes  in  composition  with  an  error 
probability  of  less  than  3  parts  in  10^. 
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profiles  for  two  In^Al^.j^As  strained  layers,  imbedded  in  an  lno.5zAlQ,4iAs  matrix  are  shown 
before  and  after  annealing.  Note  that  each  measurement  gives  the  composition  of  an  individual 
atomic  plane  [8].  Starting  with  the  initial  profile  and  using  the  diffusion  coefficient  D  as  free 
parameter,  we  solve  the  diffusion  equation  to  fit  the  final  (annealed)  profile,  thus  deducing  D  as  a 
function  of  temperature  and  interface  depth  [6-9].  In  this  way,  interdiffusion  coefficients  as 
small  as  I0~^^cm^/s  can  be  measured,  sampling  volumes  as  small  as  in  volume. 

Below,  we  describe  two  examples,  where  this  capability  reveals  new  fundamental  phenomena, 
even  in  well-studied  systems. 

3.1.  INTERDIFFUSION  DUE  TO  THERMAL  ANNEALING 

Fig.  3  is  an  .Arrhenius  plot  of  the  interdiffusion  coefficient  D  vs  1/kT  for  C-doped 
GaAslAloAGao^^As  interfaces  at  three  different  depths  beneath  the  surface  [9].  Each 
measurement  is  made  in  a  region  -10"**cm"^  in  volume.  Remarkably,  the  magnitude  of  the 
interdiffusion  coefficient,  as  well  as  the  activation  energy  for  intermixing  change  strongly  with 
depth.  Since  this  behavior  is  also  observed  in  other  semiconducting  systems  [6],  we  conclude 
that  the  depth-dependence  of  the  interdiffusion  coefficient  is  a  general  effect. 

We  have  established  that  the  depth  dependence  of  the  mterdiffusion  coefficient  is  related  to  the 
injection  of  point  defects  from  the  sample  surface.  In  particular,  interdiffusion  in 
semiconducting  systems  is  assisted  by  the  presence  of  native  point  defects  (interstitials  and 
vacancies),  whose  concentration  is  often  negligible  in  as-grown  samples.  For  interdiffusion  to 
occur,  such  native  defects  must  be  injec,id  from  the  sample  surface  during  the  anneal.  The 
interdiffusion  coefficient  is  a  sensitive  function  of  the  concentration  of  these  defects  at  the 
particular  interface  studied,  and  thus  can  be  used  to  investigate  the  microscopies  of  native  point 
defect  diffusion  in  multilayered  systems.  Indeed,  it  is  thus  possible  to  measure  the  formation 
energy  and  migration  energy  of  a  given  native  defect  (interstitial  or  vacancy)  as  a  function  of  its 
charge  state  [10]. 

Returning  to  interdiffusion,  two  important  points  emerge.  First  that  the  interdiffusion  coefficient 
varies  strongly  with  depth.  Thus  a  measurement  of  this  parameter  is  meaningful  only  if  it  refers 
to  a  single  interface  at  a  known  depth.  Second,  it  follows  that  the  interface  stability  is  also 
depth-dependent.  Thus  the  layer  depth  must  be  regarded  as  an  important  design  parameter  in  the 
fabrication  of  modem  devices.  This  effect  assumes  additional  importance  when  interdiffusion  is 
also  concentration  dependent,  leading  to  strong  intermixing  at  very  low  temperatures  [11]. 

3.2.  ION  IMPLANTATION 

Intermixing  at  an  interface  can  be  caused  by  the  passage  of  (low  energy)  native  point  defects,  or 
(high  energy)  ions  implanted  into  the  sample.  This  suggests  using  interfacial  intermixing  as  a 
means  of  study  the  interaction  of  high  energy  ions  with  a  solid  [12,13].  We  now  describe 
experiments  that  reveal  the  microscopies  of  the  way  individual  320  keV  Ga*  ions  interact  with  a 
GaAs/AlAs  multilayer  held  at  77  K  during  implanution. 
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In  siAl^As  matrix,  before  and  after  annealing.  Each  point  gives  the  composition 
of  a  O.IS  /un  segment  of  an  individual  atomic  plane.  Error  bars  are  plotted,  but  are 
often  too  small  to  be  seen.  Note  highfy  nonlinear  nature  of  the  interdiffiision  [8]. 
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Arrhenius  plot  of  the  interdiffusion  coefficient  at  C:GaAs/A!GaAs  interfaces  at 
three  different  depths. 
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Fig.  4  is  a  chemical  lattice  image  of  one  period  of  the  as-grown  AlAs/GaAs  multilayer,  together 

0 

with  composition  profiles  for  each  interface.  The  GaAs  layer  is  situated  1400  A  beneath  the 
surface  and  is  thus  close  to  the  depth  where  the  maximum  damage  during  subsequent 
implantation  is  expected  to  occur.  The  growth  direction  is  from  bottom  to  top,  the  implantation 
direction  from  top  to  bottom.  Each  point  on  the  profiles  of  Fig.  4  represents  the  average 
composition  of  a  1pm  segment  of  a  given  atomic  plane  before  implantation.  Both  top  and 
bottom  interfaces  display  excellent  lateral  uniformity,  and  can  be  characterized  by  similar 
characteristic  widths. 

After  implantation  to  a  dose  of  5xl0*^cm"^,  chemical  analysis  of  individual  interfaces  located  at 

O  O 

depths  between  1000  A  and  1700  A  beneath  the  surface  reveals  significant  intermixing  across  the 
top  interfaces,  although  (on  average)  only  one  Ga  ion  has  passed  through  each  2000  A  of  the 
specimen.  As  shown  in  Fig.  S,  the  intermixing  is  not  uniform  along  the  top  interfaces,  but  shows 
large  fluctuations  on  the  50  lateral  scale.  Kinematic  implantation  simulations  using  the  TRIM 
program  [14]  show,  that  under  our  experimental  conditions,  a  single  implanted  Ga^  ion  creates  a 
damage  track  -50  wide.  This  suggests  that  the  observed  fluctuations  in  the  degree  of 
intermixing  along  the  interface  are  due  to  the  passage  of  one  or  a  few  ions  through  each  segment. 

Using  a  statistical  approach  to  the  analysis  of  such  data,  we  have  deduced  the  microscopic 
damage  signature  created  by  a  single  ion  as  it  passes  through  an  interface  [13].  At  a  dose  of 
5xl0‘^  ions  per  cm^,  the  damage  signature  consists  of  a  core  -  15  in  diameter,  within  which  the 
interfacial  composition  width  is  inaeased  from  its  initial  value  of  2.7  to  -20.  This  is 

O 

substantially  larger  than  expected  from  kinematic  (TRIM)  simulations  (~  5  A).  Our  approach 
also  allows  us  to  determine  the  damage  signature  caused  by  the  successive  passage  of  n  ions 
(/i=l,2,3,...),  and  thus  to  identify  how  many  ions  have  pierced  a  given  segment  of  the  interface. 
We  have  thus  obtained  images  which  are  microscopic  records  of  the  passage  of  ions  through  an 
interface  [13]. 

Remarkably,  there  are  major  differences  between  the  behavior  of  adjacent  interfaces  [12,13]. 
Fig.  6  shows  neighboring  top  (AlAs  on  GaAs)  and  bottom  (GaAs  on  AlAs)  interfaces  after 
implantation  to  a  dose  of  5xl0'^  ions  Icm^.  The  composition  profiles  (Fig.  6)  and  interface 
width  histograms  [13]  extracted  from  such  images  clearly  establish  that  the  top  interface  is 
substantially  broadened  by  implantation,  but  the  bottom  interface  is  left  practically  unaltered. 

O 

Implanting  320  keV  Ga*  ions  into  our  2{XX)  A  thick  multilayer  is  roughly  analogous  to  firing  a 
bullet  through  a  telephone  book.  We  find  that  only  every  other  sheet  has  developed  a  hole!  This 
remarkable  effect,  totally  unexpected  on  kinematic  grounds,  is  due  to,  and  can  be  controlled  by 
means  of  an  electric  field.  During  implantation  (at  77K)  of  the  sample  we  have  so  far 
considered,  the  Fermi  level  is  most  likely  pinned  at  midgap  at  the  surface,  and  close  to  the 
valence  band  at  3000  A  from  the  surface,  placing  the  multilayer  in  an  electric  field.  We  find  that 
the  large  intermixing  asymmetry  observed  at  the  top  and  bottom  interfaces  is  due  to  the  drift  of 
the  implantation  damage  in  the  electric  field  to  the  (AlAs  on  GaAs)  interfaces,  where  it  is 
trapped  [13].  As  described  by  Tersoff  [15],  this  trapping  is  due  to  the  discontinuities  in  the 
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Fig.  4  Chemical  lattice  image  of  an  AiAs/GaAs/AlAs  period,  together  with  composition 
profiles  for  the  two  AlAs/GaAs  interfaces.  Each  data  point  represents  the 
composition  of  a  1^  segment  of  an  atomic  plane  parallel  to  the  interface. 
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Fig.  5  Chemical  lattice  image  of  an  (AlAs  on  GaAs)  interface,  implanted  with  5x10 
ions/cm^'.  The  chemical  profiles,  obtained  by  averaging  over  50  A  segments  of 
planes  parallel  to  the  interface,  show  sutetantial  variations  in  the  GaAs-*AlAs 
transition  width. 
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Fig.  6  Chemical  lattice  image  of  an  AlA.s/GaAs/AlAs  period,  implanted  with  5xl0’‘ 
ions/cm^.  The  "top"  interface  (AlAs  on  GaAs)  is  strongly  intermixed,  while  the 
"bottom"  interface  (GaAs  on  AlAs)  is  not. 
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bandstruciure  and  the  formation  enthalpies  of  the  defects  involved.  Experimental  proof  of 
influence  of  the  electric  field  rests  on  our  ability  to  reverse  the  asymmetry  of  the  intermixing 
between  the  top  and  bottom  interfaces  by  reversing  the  electric  field  [13].  We  achieve  the  field 
reversal  by  embedding  "intrinsic"  multilayers  in  p4-n  and  n-i-p  structures,  and  observe  a  strong 
reversal  in  the  intermixing  asymmetry  between  the  top  and  bottom  interfsKes.  This  firmly 
establishes  the  strong  influence  of  the  electric  field  in  determining  the  location  of  the  defect 
agglomerates  responsible  for  the  intermixing,  and  offers  the  tantalizing  prospect  of  steering 
defects  in  solids  by  means  of  electric  fields. 

4.  SUMMARY  AND  CONCLUSIONS 

It  is  now  possible  to  map  the  composition  of  materials  at  near-atomic  sensitivity  and  resolution. 
This  provides  immediate  access  to  a  wide  range  of  solid-state  processes,  that  involve  atomic 
substitutions  on  the  lattice,  but  leave  the  structure  essentially  unaltered.  The  ability  to  measure 
interdiffusion  coefficients  as  small  at  IO~^cm^/s  in  regions  as  small  as  in  volume, 

reveals  a  host  of  unexpected  phenomena.  Examples  include  highly  nonlinear  interdiffusion 
[6,8|.  the  dominant  effect  of  the  surface  in  determining  layer  and  device  stability  [6.11],  and 
exotic  forms  of  chemical  relaxation  in  strained  solids  [8].  Equally  imporunt,  chemical  m^ing 
techniques  allow  one  to  repeat  the  early  experiments  of  high  energy  physics  in  the  scdid  sute. 
Just  as  a  stack  of  photographic  emulrion  layers  can  be  used  to  track  the  passage  of  cosmic 
radiation,  the  intermixing  at  a  series  tif  chemical  interfaces  (such  as  CaAs/AlAs)  can  be  used  to 
record  the  arrival  and  passage  of  point  defects,  be  they  high  energy  implanted  ions  [13],  or  low 
energy  native  point  defects  injected  during  an  anneal  [6,7,10).  The  sensitivity  of  chemical 
mapping  allows  one  to  study  such  (Hxxresses  long  before  steady-state  has  been  reached,  providing 
access  to  hitherto  unexplored  regimes.  Rnally,  it  is  now  possible  to  use  multilayers  as 
microscopic  laboratories,  in  which  selected  defects  may  be  trapped  and  interrogated  (10). 
Indeed,  the  combination  of  "designer  multilayers"  grown  by  modem  epitaxy  and  quantiutive 
chemical  microscopy  has  already  led  to  the  realization  of  a  number  of  hitherto  Gedanken 
experiments. 
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Abstract 

We  use  the  Car-Parrinello  method  to  study  the  Zn-enhanced  interdiffusion  problem  in 
GaAs/AlAs  superlattices.  The  energetics  of  several  mechanisms  for  the  diffusion  of  Zn 
impurity  have  been  examined.  It  is  found  that  a  pair  consisting  of  a  substitutional  Zn 
acceptor  and  an  interstitial  group  III  atom  has  a  substantially  lower  formation  energy 
than  an  isolated  interstitial.  The  low  formation  energy  of  this  pair  results  in  the  intersti¬ 
tial  kick-out  mechanism  having  a  much  lower  activation  energy  than  the  ones  involving 
vacancies  or  the  dissociative  (Frank-Tumbull  or  Longini)  mechanism.  The  lowest  en¬ 
ergy  path  for  the  interchange  of  group  III  atoms  involves  a  kick-out  of  Zn  by  a  group 
III  interstitial,  followed  by  a  fast  Zn  interstitial  diffusion  and  a  subsequent  ejection  of 
another  group  III  atom  into  the  interstitial  channel.  The  activation  energies  for  the.se 
processes,  determined  by  following  the  kick-out  trajectories  and  including  a  full  relax¬ 
ation  of  all  the  atoms,  are  in  good  agreement  with  the  experimental  data. 

Introduction 

Experimental  studies  on  Zn  diffusion  in  a  GaAs/AlAs  superlattice  revealed  a  remarkable 
fact:  that  the  layer  stmcture  becomes  disordered  during  Zn  diffusion  at  a  much  lower 
annealing  temperature  (-500-600  °C)  than  without  Zn  (-900  °C)  [1  j.  The  interdiffu¬ 
sion  between  the  group  III  elements  is  thus  enhanced  by  several  orders  of  magnitude 
by  Zn  diffusion.  Furthermore,  disordering  occurs  only  in  those  regions  of  the  material 
where  Zn  is  present.  This  phenomenon  has  potential  applications  in  opto-electronic  de¬ 
vices  such  as  solid  state  lasers  and  optical  waveguides  Although  similar  impurity-in¬ 
duced  layer  disordering  has  later  been  found  in  other  III-V  superlattices  or  through 
doping  with  other  elements  [2-7],  Zn-enhanced  interdiffusion  in  GaAs/AlAs  has  been 
most  extensively  studied. 

Several  models  have  been  proposed  to  explain  the  Zn-enhanced  interdiffusion  in 
GaAs/AlAs  superlattices.  Since  the  intermixing  is  caused  by  Zn  diffusion,  the  discus¬ 
sion  focused  on  this  aspect..  In  the  dissociative  (also  called  Frank-Tumbull  (8]  or 
Longini  [9])  mechanism,  an  interstitial  Zn-vacancy  pair  is  formed  and  Zn  diffuses 
rapidly  as  an  interstitial  but  slowly  as  a  substitutional  atom.  The  left-behind  vacancy 
can  accommodate  a  neighboring  group  III  atom  and  hence  contributes  to  the  movement 
of  Ga  and  A1  atoms  [1],  Other  vacancy-based  mechanisms  assume  that  a  substitutional 
Zn  and  a  nearest  neighbor  vacancy  form  a  pair  which  migrates  through  a  series  of  near¬ 
est  or  se  .ond  nearest  neighbor  hops  f  10, 1 1  ].  Another  mechanism,  which  was  called  a 
"kick-out"  mechanism,  was  proposed  by  Gbsele  and  Morehead  [12],  In  this  mecha- 
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nism,  an  interstitial  Zn  joins  the  group  III  sublattice  by  pushing  the  host  atom  away  and 
creating  a  group  III  interstitial..  Tan  and  Gosele  further  suggested  that  Fermi-level 
lowering  due  to  p-type  doping  enhances  the  interdiffusion  [13]. 

The  recent  progress  in  the  methods  of  computational  physics  [14]  allows  us  to  calculate 
total  energies  of  large  systems  and  to  simulate  the  essential  aspects  of  these  processes 
from  the  first  principles.  In  the  present  work,  we  use  the  Car-Parrinello  method  to 
study  the  energetics  of  interdiffusion.  We  focus  mainly  on  GaAs  because  the  diffusion 
of  Zn  in  GaAs  is  substantially  slower  than  in  AlxGai-xAs  [15].  By  comparing  the  acti¬ 
vation  energies  for  the  various  mechanisms,  we  search  for  the  lowest  energy  diffusion 
path  for  Zn  and  the  exchange  path  for  Ga  and  A1  atoms. 

Calculations 

The  calculations  are  performed  using  the  Car-Parrinello  (CP)  method  [16].  The  elec¬ 
trons  are  described  by  the  density-functional  theory  [17],  the  local-density  approxima¬ 
tion  for  exchange  and  correlation  [18,  19],  and  norm-conserving  pseudopotentials 

[20] .  The  supercell  size  corresponds  to  64  host  atoms.  The  electronic  wavefunctions 
are  expanded  in  plane  waves  with  the  kinetic  energy  cutoff  of  14  Ry.  The  pseudopo¬ 
tentials  used  for  all  the  atoms  except  Zn  were  given  by  Bachelet,  Hamann  and  Schluter 

[21]  and  refitted  by  Gonze,  Kackell  and  Scheffler  [22]  to  eliminate  a  Ga  ‘ghost’  state. 
For  Zn,  a  soft  core  pseudopotential,  which  includes  the  3d  electrons  in  the  core,  was 
constructed  using  Hamann's  program  [23).  Before  being  applied  to  the  diffusion 
problem,  the  potentials  were  tested  in  perfect  bulk  GaAs,  ZnTe,  and  ZnSe  calculations. 
For  GaAs,  the  experimental  lattice  constant  and  the  bulk  modulus  was  reproduced 
within  1.3  and  12%  respectively.:  As  usual  in  the  local  density  theory,  the  computed 
cohesive  energy  was  9%  greater  than  the  experimental  value.  For  ZnSe  (ZnTe)  the  lat¬ 
tice  constant,  the  bulk  modulus,  and  the  cohesive  energy  differed  by  1 .6,  -48,  and  -4% 
(0.9,  -42,  and  -5%)  from  the  experimental  values.  The  discrepancies  here  are  due  to  the 
freezing  of  Zn  3d  electrons  (see  [24]).  They  probably  lead  to  slight  underestimates  in 
the  calculated  diffusion  barriers  for  Zn., 

A  remarkable  advantage  of  the  CP  method  is  that  it  can  treat  the  motior  of  atoms  and 
electrons  simultaneously.  The  Newton  equations  of  motion  for  atoms  are  solved  using 
forces  derived  from  the  local  density  equarions.  All  the  atoms  in  the  supercell  are  fully 
relaxed  in  the  presence  of  a  defect.  An  ab-initio  Molecular  Dynamics  (MD)  simulation 
is  possible  for  some  dynamical  processes.  However,  due  to  the  large  activation  ener¬ 
gies  for  Zn  diffusion  and  cation  exchange,  a  direct  ab-initio  MD  simulation  is  unafford¬ 
able  at  present.  Hence  we  investigate  individual  mechanisms  through  total  energy 
calculations  and  search  for  saddle  points  using  adiabatic  trajectories  (see  below). 

Under  equilibrium  conditions,  the  diffusion  coefficient  of  an  atom,  D,  can  be  written  as 

D=Doexp(-Ea/kBT)  (1) 

where  Do  is  the  pre-exponential  factor  including  the  entropy  contribution,  ke  is 
Boltzmann  constant,  and  Ea  is  the  activation  energy  for  the  diffusion.  The  activation 
energy  is  the  sum  of  the  formation  and  migration  energies  of  the  defect.  The  formation 
energies  are  derived  from  total  energy  calculations  for  the  superceli.  For  impurities,  we 
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Table  I,  The  formation  energies  for  neutral  Td  symmetry  nativ 
fectly  stoichiometric  GaAs. 

e  point  defects  for  per- 

Voa 

"^^TGa 

^®TAs 

^^TGa  ^^As 

[eV]  4.0 

3.9 

1.7  2.0 

4.1 

1.5  1.3 

quote  formation  energies  with  respect  to  a  crystal  in  contact  with  a  bulk  impurity  reser¬ 
voir.  The  migration  energies  are  extracted  from  total  energy  differences  between  the 
saddle  points  and  the  initial  states. 


A  saddle  point  can  often  be  located  by  examining  the  symmetry  of  a  Potential  Energy 
(PE)  surface.  However,  when  the  PE  is  not  symmetric,  such  as  in  the  kick-out  pro¬ 
cesses  we  investigate,  the  location  of  the  saddle  point  is  unknown.,  A  point  by  point 
calculation  of  PE  along  the  trajectory  becomes  costly.  As  an  alternative,  we  propose  a 
new,  much  more  efficient  procedure  to  determine  the  migration  barrier,  which  we  call 
an  "adiabatic  trajectory"  simulation.  The  main  idea  is  that  a  constant  small  speed  is  as¬ 
signed  to  the  diffusing  atom  while  the  remaining  atoms  continuously  relax  in  response 
to  its  motion.  As  in  a  real  CP  simulation,  the  system  moves  along  the  lowest  energy 
’^om-Oppenheimer  surface  [16].  In  cases  where  level  crossing  occurs,  we  use  the  fi¬ 
nite  temperature  CP  formalism  [25]  for  stability.  During  the  simulation,  the  velocities 
of  the  remaining  atoms  are  decomposed  according  to  the  direction  of  the  forces  acting 
on  them.  The  perpendicular  components  are  set  to  zero  and  the  parallel  component  is 
reduced  by  a  constant  factor  if  it  is  antiparallel  to  the  force.  This  procedure  removes  the 
excess  energy  introduced  by  the  constant  speed  motion  of  the  diffusing  atom  and  leads 
to  a  faster  relaxation  of  the  whole  system.  We  estimate  that  it  is  four  times  faster  than  a 
point  by  point  calculation.  In  the  cases  studied  below,  we  move  the  diffusing  atom  with 
a  speed  corresponding  to  the  mean  speed  at  room  temperature. 

Results  and  Discussion 

At  first,  we  calculated  the  formation  energies  for  all  eight  possible  native  point  defects 
with  Td  symmetry  in  GaAs.  They  are:  two  vacancies  and  two  antisites  Asq;, 
and  Ga^s^s,  and  four  tetrahedral  interstitials  Asjoa’  ^“TGa>  ^^tas’  '''here 

the  subscripts  indicate  the  nearest  neighbor  atoms.  The  energy  gain  upon  relaxation  of 
?11  the  atoms  ranges  from  0.05  eV  (Vog)  to  0.6  eV  (Asjas)-  'The  nearest-neighbor  re¬ 
laxation  is  not  always  dominant.  For  example,  the  relaxation  distances  from  Ga-j-Q^  to 
its  first  and  second  neighbors  are  0.09  A  and  0.01  A,  respectively,  but  0.03  A  and 
0.07  A  for  Ga^y^s,  The  formation  energies  are  given  in  Table  I.  TTie  Ga  interstitial 
(Gaj)  has  the  lowest  formation  energy  and  is  thus  the  preferred  point  defect  in  stoi¬ 
chiometric  GaAs.  In  p-type  GaAs  it  exists  as  Gai+,  The  table  shows  also  that  in  As-rich 
GaAs  the  lowest  energy  stoichiometry-compensating  defect  is  Asq^,  which  is  the  main 
component  of  the  EL2  defect  [26, 27]. 

Turning  to  Zn,  it  is  a  well-known  Ga-site  substitutional  acceptor.  We  obtain  0.86  for 
the  formation  energy  for  Zn^  in  GaAs,  The  Zn  di«iusiop  mechanism  is  still  disputed 


1354 


ICDS-16 


although  a  substitutional-interstitial  path  is  generally  accepted.  Two  mechanisms  were 
proposed  based  on  this  path  [9, 12J.,  Both  of  them  claimed  a  good  fit  to  the  experimen¬ 
tal  diffusion  profiles  [28,  29].  The  dissociative  model  [9]  suggests  that  when  GaAs  is 
heavily  doped  with  Zn,  a  small  portion  of  Zn  could  become  interstitial  and  rapidly  dif¬ 
fuse  through  the  process 

The  kick-out  mechanism  [12]  involves  a  kick -out  by  an  interstitial  group  III  atom  of  a 
substitutional  Zn  to  an  interstitial  site 

ZnQa'^Gai  Znj.,  (3) 

We  calculated  the  total  energies  of  the  system  along  the  path  of  eq.  (2)  and  obtained  an 
energy  barrier  of  3.6  eV.  For  the  Znc^-GaTys^s  pair,  we  found  that  if  GaAs  is  in  contact 
with  a  Ga  reservoir,  its  formation  energy  is  only  0.2  eV  greater  than  that  of  an  isolated 
Znoa-  The  reason  for  the  low  formation  energy  is  Coulombic  attraction,  since  it  can  be 
thought  of  as  Zn-Q^-Ga+'r^s^g.  This  pair  introduced  no  defect  states  in  the  forbidden  gap 
in  our  calculations. 

An  adiabatic  trajectory  simulation  was  carried  out  to  determine  the  PE  along  the  <100> 
GaxAs  l^jcking  trajectory,  since  the  saddle  point  can  not  be  determined  by  symmetry  in 
this  case.  The  PE  along  the  trajectory  is  shown  in  Fig.  1 .  A  barrier  of  1 .8  eV  is  ob¬ 
tained.  When  Zn  becomes  an  interstitial,  it  can  move  very  fast  along  the  low  electron 
density  channel  with  a  migration  energy  of  0.2  eV  and  then  kick-in  into  another  substi¬ 
tutional  site.,  Assuming  that  the  Znog-GarAs  migrates  in  the  neutral  charge  state, 
the  activation  energy  for  this  process  is  2.0  eV. 

Another  less  obvious  kick-out  process  is  also  possible  [30].  In  this  <1 1 1>  kick-out,  a 
GajQa  interstitial  pushes  a  nearest  neighbor  Zn^^  along  the  <1 1 1>  direction  onto  an  As 
site.  T^e  As  atom  moves  into  the  interstitial  channel  and  then  comes  around  and  pushes 
Zn  along  the  <1 1-1>  direction  onto  another  Ga  site.  The  last  push  regenerates  the  Ga 
interstitial.  The  process  can  ther  repeat  itself..  The  resulting  picture  is  Zn  diffusing 


Fig.l  The  potential  energy  surface  along  the  <100>  kick-out  trajectory. 
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along  the  bonding  chain  in  the  (1 10)  plane.  The  migra^on  barrier  for  this  process  is  1 .9 
eV,  with  the  saddle  point  occurring  when  Asi  is  near  tne  symmetric  hexagonal  site.  The 
activation  energy,  which  includes  the  formation  energy  of  the  pair,  is  2.1  eV. 

We  have  also  examined  two  vacancy  mechanisms  [10, 11].  Both  of  them  start  with  a 
Zoge-Vas  pair  and  involve  nearest-neighbor  or  second-nearest-neighbor  jumps.  We 
omit  the  detailed  description  of  the  processes  here  and  just  mention  that  the  activation 
energies  are  3.6  eV  for  Shaw's  model  [10]  and  5.5  eV  for  Van  Vechten’s  model  [  1 1  j. 

After  comparing  all  the  activation  energies,  we  conclude  that  the  kick-out  mechanism  is 
the  lowest  energy  one  for  Zn  diffusion  in  GaAs.  In  the  <100>  kick -out,  Zn  interstirial 
can  move  in  the  interstitial  channel  with  a  barrier  of  only  0.2  eV,  while  in  the  case  of 
the  <1 1 1>  kick-out  each  migration  step  has  to  overcome  a  barrier  of  1 .9  eV.  Therefore, 
the  dominant  process  is  the  <100>  kick-out.  Its  activation  energy  of  ~  2.0  eV  is  in 
good  agreement  with  the  earlier  experimental  results  of  2.5  eV  [31]  and  2. 1-3.1  eV 
[32].  Although  the  Zn  diffusion  in  GnAs  is  likely  to  be  the  rate-determining  step,  simi¬ 
lar  calculations  were  also  done  in  AlA s.  The  formation  energy  of  the  Zn^i  -  Al-p^s  P^'*' 
in  AlAs  is  0.4  eV.  For  the  <100>  kick-out  the  migration  energy  is  1 .2  eV,  resulting  in 
an  activation  energy  of  1.6  eV.  In  the  <1 1 1>  kick-out  the  migration  energy  is  2.0  eV, 
leading  to  an  activation  energy  of  2.4  eV.  The  <100>  kick-out  dominates  thus  in  AIAs 
as  well.  The  lower  barrier  for  Zn  diffusion  in  AIAs  is  in  agreement  with  experimental 
data,  which  show  a  faster  diffusion  of  Zn  in  AlxGai-xAs  than  in  pure  GaAs  [15], 

After  determining  the  lowest  energy  path  for  Zn  diffusion,  we  can  discuss  the  role  of 
Zn  in  enhancing  the  interdiffusion.  It  appears  that  the  principal  role  of  Zn  is  to  supply 
cation  interstitials  through  the  formation  of  Znm  -  IIIj  pairs.  The  breakage  of  the  pair 
provides  positively  charged  cation  interstitials  which  disorder  the  lattice.  If  Zn  atoms 
are  injected  at  the  GaAs  surface  as  interstitials,  they  diffuse  fast  with  an  activation  en¬ 
ergy  of  only  0.2  eV  and  thus  penetrate  deep  into  the  sample.  Along  the  diffusion  path 
Zn  atoms  become  substitutional  and  form  either  Zn^^-Ga-j-As  o*"  ^Al '  ^^TAs 
formation  energies  in  the  pure  materials  of  0.2  or  0.4  eV,  re.spectively.  Our  computed 
pair  breakage  energies  in  the  64-atom  .supercell  are  ~  0.5  eV.  We  also  carried  out  adia¬ 
batic  trajectory  simulations  for  the  <100>  kick-out  of  Ga  and  and  A1  by  the  positively 
charged  cations: 

Ali+  +  Gaoa  Gai+  +  Aloa  in  GaAs  (4) 

Gai+  +  AIa!  All'*'  +  GaAi.  in  AIAs  (5) 

The  migration  barriers  for  these  proces.ses  are  1.6  and  1.1  eV,  respectively.  Assuming 
that  Zn  has  already  diffused  in  and  the  pairs  have  formed,  these  are  also  the  activation 
energies  for  interdiffusion  in  the  pure  materials.  They  will  vary  somewhat  during  in¬ 
terdiffusion,  since  they  should  depend  on  the  composition  of  the  alloy  (cf,  eq.  4-5), 
Experimentally,  Lee  and  Laidig  [32]  ob.serve  an  average  activation  energy  for  interdif¬ 
fusion  of  ~  1  eV  in  GaAs/AlAs  superlattices  after  the  indiffusion  of  Zn. 
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ABSTRACT 

We  have  observed  photocarrier  trapping  at  defects  within  the  quantum 
barriers  of  implant-damaged  GaAs/AlGaAs  multiple  quantum  well 
samples.  Internal  space-charge  electric  fields  are  generated  by 
illuminating  the  samples  with  two  coherent  pump  laser  beams  that 
generate  photorefractive  gratings.  The  gratings  diffract  a  probe  laser, 
giving  a  sensitive  means  to  monitor  trapped  space-charge.  Photocarriers 
generated  in  multiple  quantum  well  structures  experience  spatially 
different  dynamics,  depending  on  whether  they  are  in  the  well  regions  or 
the  barrier  regions.  Selective  choice  of  bandgaps  and  optical  excitation 
wavelengths  control  where  and  how  photocarriers  trap  at  defects.  Using 
this  method,  we  are  able  to  isolate  effects  from  defects  within  quantum 
barriers. 


1.  Introduction 

Deep  level  defects  have  strongly  localized  wavefunctions  that  extend 
over  only  several  Angstroms.  These  point  defects  therefore  are  not 
strongly  perturbed  by  band-edge  discontinuities  in  quantum-well  and 
multilayer  structures.  A  given  defect  is  relatively  invariant  to  spatial 
changes  in  bandstructure,  having  the  same  properties  within  quantum  well 
regions  as  in  quantum  barriers.  On  the  other  hand,  little  information  is 
currently  available  about  the  identities  of  defects  in  one  layer  relative  to 
another.  Furthermore,  the  roles  that  defects  play  in  carrier  dynamics,  such 
as  transport  or  recombination,  vary  markedly  depending  on  where  the 
defects  are  situated. 

We  are  able  to  directly  observe  the  space-charge  fields  generated  by 
photocarriers  trapped  at  defects  in  quantum  barriers.  The  effects  of  the 
defects  in  the  barriers  can  be  separated  from  the  effects  of  defects  in  the 
wells.  This  is  accomplished  by  partitioning  photocarriers  between  barriers 
and  wells  by  judicious  choice  of  bandgaps  and  laser  excitation  energies. 
The  presence  of  space-charge  fields  within  the  quantum  wells  is  detected 
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by  the  photorefractive  effect.  In  this  effect,  intersecting  coherent  laser 
beams  write  periodic  space-charge  gratings  that  alter  the  optical 
properties  through  the  Franz-Keldysh  effect  on  quantum-confined  excitons. 
The  resulting  index  and  absorption  gratings  diffract  a  probe  laser.  The 
photorefractive  effect  is  extremely  sensitive  to  small  changes  in  electric 
helds  and  index,  and  provides  a  sensitive  measure  of  the  role  of  defects  in 
trapping  photocarriers.  In  our  experiments,  we  are  able  to  separate  out 
the  effects  of  defects  in  the  barriers  by  a  careful  balance  of  photorefractive 
grating  formation  by  space-charge  in  the  barriers  against  screening  of  the 
gratings  by  space-charge  in  the  wells. 

2.  Semi-lnsulating  Quantum  Wells 

Our  multiple  quantum  wells  consist  of  60  periods  of 
Alo.3Gao.7As/GaAs  with  75  A  wells  and  100  A  barriers.  The  layers  are 
made  semi-insulating  by  hydrogen  implantation  at  160  keV.  The  implant 
causes  radiation  damage,  generating  defects  nearly  midgap  that  pin  the 
Fermi  level.  A  dose  of  10^^  cm-^  is  sufficient  to  make  the  layers  semi- 
insulating,  without  adversely  affecting  the  width  of  the  excitons.  On  the 
other  hand,  a  dose  of  lOl^  cm*^  broadens  the  exciton  by  approximately  3 
meV.  This  broadening  of  the  exciton  corresponds  approximately  with  one 
defect  per  exciton  volume,  or  No  a  lO^*^  cm'^.  This  concentration  of  defects 
includes  both  electrically  active  defects,  as  well  as  neutral  defects.  During 
implantation,  a  large  fraction  of  generated  defects  and  complexes  can  have 
energy  levels  that  lie  outside  of  the  bandgap,  producing  neutral  defects. 
These  defects  can  broaden  the  exciton  lines  through  strain  fields. 
However,  these  defects  do  not  participate  in  compensation,  and  cannot  trap 
space-charge. 

The  exciton  width  plays  a  central  role  in  our  investigation  of  trapped 
space-charge.  Space-charge  generates  electric  fields  that  alter  the 
absorption  of  the  excitons.  Furthermore,  absorption  changes  are 
accompanie^l  by  changes  in  the  refractive  index.  In  our  samples,  the 
electric  field  is  applied  in  the  plane  of  the  quantum  wells,  generating  the 
Franz-Keldysh  electro-optic  effect  for  quantum-confined  excitons.  The 
field  causes  lifetime  broadening  of  the  exciton  absorption.  Sharper 
excitons  generate  larger  electro-optic  effects.  In  our  study,  therefore,  we 
rely  on  the  relatively  sharp  absorption  lines  of  the  room-temperature 
excitons  to  provide  a  measure  of  space-charge  fields  in  the  samples. 

3.  Photo-Induced  Space-Charge  Electric  Fields 

To  generate  space-charge  in  the  quantum  well  structures,  we 
illuminate  the  sample  with  two  coherent  laser  beams.  The  coherent 
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interference  between  the  beams  generates  interference  fringes.  When  a 
voltage  bias  is  applied  across  the  sample,  this  spatially  inhomogeneous 
illumination  causes  transport  that  generates  trapped  space-charge  which 
screens  the  field  in  the  bright  fringes.  The  spatially  modulated  space 
charge  field  causes  the  Franz-Keldysh  effect,  converting  the  electric  held 
grating  into  an  absorption  and  index  grating.  The  periodic  modulation  of 
these  gratings  act  as  diffraction  gratings  that  diffract  a  probe  beam.  This 
process  of  grating  generation  and  diffraction  is  called  the  photorefractive 
effect[l].  The  photorefractive  effect  is  extremely  sensitive  to  small  electric 


Fring*  Spacing  (microns) 


Fig.  1  Diffraction  signal  r|  as  a  function  of  holographic  fringe  spacing 
A.  The  cutoff  spacing  Ac  =  5  p  corresponds  to  an  effective  deep  level  trap 
concentration  of  4x10^^  cm*^.  The  sample  was  implanted  with  [H'*’]  = 
1x1012  cm-2  at  160  keV. 


fields,  and  small  concentrations  of  space-charge.  The  effect  is  also 
sensitive  to  the  defect  density.  For  a  given  applied  electric  field,  the 
screening  is  limited  by  the  trap  density.  The  diffraction  signal  as  a 
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function  of  interference  fringe  spacing  is  shown  in  Fig.  1.  The 
characteristic  screening  length  Ac  for  our  sample  is  S  microns.  The 
screening  length  corresponds  to  the  trap  density  through 

N|2  =  f(1  -f)NT  =  -— 

eAc 

where  Eq  is  the  applied  electric  field,  and  f  is  the  occupancy  of  the  trap.  A 
5  micron  screening  length  yields  an  effective  trap  density  of  4x101^  cm'^. 
No  information  is  available  from  this  measurement  of  the  defect  occupancy 
f,  so  the  effective  number  of  traps  can  be  as  much  as  an  order  of 
magnitude  smaller  than  Nj,  the  total  number  of  electrically  active  traps. 
For  hydrogen  implantation  at  160  keV,  the  ratio  of  neutral  defects 
(obtained  from  the  exciton  broadening)  relative  to  the  number  of 
electrically  active  traps,  is 

Nneut/Neiect  *  10^ 

Therefore,  many  more  neutral  defects  are  generated  by  the  proton  implant 
than  electrically  active  defects. 

4.  Spatial  Partition  of  Photocarricrs 

One  of  the  goals  of  our  study  is  to  isolate  the  effects  from  the  subset 
of  deep  defects  that  are  in  the  AlGaAs  barriers.  This  is  possible  by 
choosing  appropriate  excitation  energies  for  the  lasers.  In  particular,  we 
wri'e  the  interference  fringes  with  a  HeNe  laser  with  a  wavelength  of  633 
nm.  The  bright  fringes  generate  carriers  both  in  the  wells  and  in  the 
barriers.  The  carriers  transport  to  screen  the  applied  field,  generating 
spatially  modulated  space-charge  fields  and  refractive  index  gratings.  The 
gratings  are  probed  with  a  laser  tuned  close  to  the  band-edge  of  the  GaAs 
wells.  This  probe  laser  generates  carriers  only  in  the  quantum  wells. 
When  the  probe  laser  intensity  is  comparable  to  or  larger  than  the  HeNe 
pump  intensity,  then  the  photoconductivity  of  the  probe  laser  erases  the 
space-charge  that  is  stored  in  the  wells.  The  space-charge  gratings  in  the 
barriers,  on  the  other  hand,  are  inaccessible  to  the  erasure  caused  by  the 
probe.  Therefore,  the  refractive  index  gratings  persist  up  to  relatively 
large  probe  intensities[2].  Under  sufficiently  large  probe  laser  intensities, 
the  isolated  space-charge  is  erased  by  transport  from  the  wells  into  the 
barriers.  This  transport  can  occur  by  quantum  tunneling,  phonon-assisted 
tunneling  or  thermionic  emission.  These  processes  are  shown  in  Fig.  2,  and 
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have  been  modeled  to  predict  the  experimental  behavior.  The  relaxation 
of  the  isolated  charge  trapped  at  defects  in  the  barriers  therefore  can  give 


AIGaAs 

Barrier 


QaAs 

QW 


Thermionic 

Emission 


Trapping 


JL  Defect  Level 

Fig.  2  Trapping  of  photocarriers  into  deep  level  defects  through 
phonon-assisted  tunneling  and  thermionic  emission. 

a  direct  measure  of  these  transport  processes  as  well  as  characteristic 
properties  of  the  defects  in  the  barriers.  The  persistence  of  the  space- 
charge  trapped  in  the  100  A  AIGaAs  quantum  barriers  is  shown  in  Fig.  3, 
related  to  the  expected  results  for  a  bulk  sample  with  no  isolation  of  the 
space-charge,  and  to  the  expected  results  for  a  200  A  barrier.  The  excess 
diffraction  signal  at  large  probe-to-pump  ratios  is  caused  by  the  subset  of 
deep  defects  in  the  barriers. 

5.  Discussion 

In  this  paper,  we  have  demonstrated  that  a  subset  of  deep  defects  in 
a  multilayer  structure  can  be  isolated  for  separate  study.  Specifically, 
defects  in  the  quantum  barriers  can  support  trapped  space-charge  and 
contribute  to  the  photorefractive  effect,  while  defects  in  the  wells  make  no 
contribution.  This  spatial  segregation  of  photocarriers  can  be  combined 
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with  spectroscopic  techniques[3]  to  provide  a  new  technique  for  studying 
defects  in  quantum  barriers. 


Fig.  3  Diffraction  signal  as  a  function  of  probe/pump  intensitv  ratio 
for  data  from  100  A  barriers,  compared  with  simulation  of  a  200  A  wide 
barrier  sample,  and  simulation  of  a  bulk  sample.  The  persistence  of  the 
diffraction  up  to  large  probe  intensities  is  a  consequence  of  the  space- 
charge  isolated  in  the  AIGaAs  barriers. 
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ABSTRACT 

The  interaction  of  ftee  and  bound  excimns  in  intentionally  doped  AIGaAs/GaAs  quantum 
wells  has  been  studied  using  a  time  resolved  photoluminescence  technique.  The  dependence 
of  the  dynamic  processes  on  doping  concentration,  well  width  and  temperature  is  discussed. 
In  particular  the  behaviour  of  excitons  bound  to  accqNors  and  donors  are  conqnred  and  the 
importance  of  tliOTnalization  in  determining  the  rbseived  lifetime  highlighted. 

1.  Introduction 

Studies  to  date  on  the  dynamics  of  excitons  in  quantum  wells  (QWs)  have  concentrated 
primarily  on  the  properties  of  free  excitons  (FEs)  in  undoped  samples  (1)  (2).  Localization 
due  to  potential  fluctuations  caused  by  intoface  roughness  is  footid  to  be  important  to  the 
understanding  of  ilie  dynamic  properties  of  these  excitons  [3]  (4).  Detail«i  spectroscopic 
work  on  bound  excitons  (BEs)  in  quantum  wells  has  recently  been  reported  [S]  (6). 
However  the  dynamic  intoaction  between  FEs  and  BEs  over  short  time  scales  (t  <^)(^) 
has  not  been  treated  in  detail.  A  study  restricted  to  acceptor  doped  samples  and  time  scales 
(T  >200ps)  was  however  recently  published  (7J.  In  this  work  we  have  investigated  the  full 
temporal  development  with  ps  time-resolution  of  both  FE  and  BE  emission  in  doped  QWs 
as  a  function  of  doping  and  temperature. 

2.  Samples  and  Experimental  Procedure. 

A  large  number  of  multiple  quantum  well  samples  with  different  well  widths  and  doping 
densities  have  be«i  studied.  The  samples  consisting  of  SO  periods  were  grown  using 
molecular  beam  epitaxy  (MBE)  at  680'C  with  non-intorupied  growth.  The  well  width  was 
varied  between  Snm  turd  ISnm  for  different  sanqries,  while  the  undoped  AIGaAs  tmriers 
were  kept  at  ISnm  thickness.  The  GaAs  layers  were  dop^  in  the  cemrati  20%  of  the  well  to 

a  volume  concentration  varying  from  S-IO^®  up  to  S-10*^  cm'^  for  different  samples.  Be  was 


used  for  acceptor  doping,  while  Si  was  employed  for  donor  doping.  The  transient 
photoluminescence  (PL)  data  were  obtained  with  a  synchroscan  streak  camera  with  a 
temporal  resolution  of  approximately  lOps.  The  sample  temperature  could  be  varied  down 
to  5K.  A  tuneable  synchronously  pumped  dye  laser  was  used  for  excitation,  with  a  typical 
pulse  length  of  Sps. 

3  Results  and  Discussion. 

3.1  Acceptor  doped  samples. 

Fig.l.  illustrates  time-resolved  PL  spectra  for  a  set  of  Be  doped  ISnm  samples,  with  the 
doping  varied  between  3*1016  and  5*101'^  cm*3,  i.e.  a  2D  density  varying  between  9*10^  and 
21011  cm-2  per  QW.  The  spectra  are  taken  with  excitation  resonant  with  the  FE  ,  and  are 
delayed  36ps  from  the  center  of  the  laser  pulse.  These  data  illustrate,  that  narrow  well- 
resolved  BE  peaks  are  only  observed  at  doping  levels  below  lOi^  cm*3  (approx.  2*1010  cm- 
^).  At  higher  doping  levels  the  acceptors  interact  considerably,  leading  to  severe  broadening 
of  the  BE  spectra  and  spectral  diffusion  in  the  broad  BE  band.  This  behaviour  is  analogous 
to  observations  for  acceptor  BEs  in  bulk  semiconductors  [8].  The  data  to  be  discussed  below 
are  therefore  mainly  selected  from  the  samples  with  lower  doping  levels  (  approx.  IQiO  cm* 
2).  The  data  in  Fig.l  also  suggest  that  at  lower  doping  levels  and  short  delay  times  a 
transition  which  we  assign  to  the  biexciton  is  present  in  the  spectra,  and  may  influence  the 
analysis  of  the  dynamics  of  the  FE-BE  interaction.  Since  we  however  restrict  the  discussion 
here  to  data  above  SK,  the  biexciton  is  effectively  therm^ized  with  the  FE,  and  therefore 
does  not  significantly  influence  the  analysis  of  the  FE  and  BE  kinetics.  It  is  interesting  to 
note  that  the  presence  of  the  biexciton  is  gradually  lost  at  higher  doping  levels,  indicating 
that  the  formation  of  biexcitons  is  limited  by  the  preferential  capture  to  the  bound  site. 

The  binding  energies  for  BEs  associated 
with  neutral  acceptors  in  AlGaAs/GaAs 
QWs  are  dependent  on  QW  width  Lz, 
varying  from  a  value  of  approximately 
6.5meV  at  Lz=5nm  to  approximately 
3.5meV  for  Lz=lSnm  [5].  This  implies  that 
at  low  temperatures  such  as  the  SK  used  in 
the  present  work,  the  thermal  emission  of 
BEs  up  to  FEs  is  weak.  It  is  therefore 
possible  to  study  the  kinetics  of  BE 
recombination  independently,  if  excitation 
resonant  with  the  BE  is  employed.  On  the 
other  hand,  if  the  excitation  is  resonant  with 
the  FE,  capture  to  the  lower  energy  BE  state 
will  be  efficient  in  the  early  time  response. 
These  processes  are  illustrated  in  Fig.2  for 
the  same  set  of  Be  doped  samples  as  in 
Fliotoa  Enetgy  (bV)  jr,g  j  Resonant  excitation  in  the  FE  (Fig. 

Figure  1:  Short  time  (t=36ps)  PL  spectra  for  2(a))  instantaneously  creates  a  FE 
acceptor  doped  samples  with  doping  density  from  population  which  then  decays  via  two 
310i6  (bottom  curve)  up  to  5*10^7  cm'^  (top  channels:  (1)  Capture  to  the  BE  state,  and 
curve)  (2)  recombination  (mainly  radiative).  The 
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PL  transients  in  Fig.  2(a)  are  dominated  by  capture  to  BE  states  during  the  first  ~l(X)ps,  this 
capture  process  is  increasingly  important  at  higher  doping  levels  (  the  capture  rate  is 
proportional  to  the  number  of  neutral  acceptors.  From  Ae  behaviour  of  the  PL  decay  at 
longer  times  the  FE  recombination  lifetime  can  be  extracted,  via  a  computer  simulation  of 
the  transient  with  the  proper  rate  equations  [9].  For  excitation  resonant  with  the  BE  (Fig. 
2(b)),  at  5K  (or  below)  very  litde  thermal  excitation  to  the  FE  state  is  observed  in  the  streak 
camera  data.  Therefore  these  transients  merely  reflect  the  recombination  of  the  BEs,  and  can 
be  used  to  directly  calculate  the  true  BE  lifetime.  The  BE  lifetime  has  been  found  to  vary 
between  SSOps  and  SOOps,  when  the  QW  width  varies  between  5nm  and  15nm  [7]  [10], 
while  we  find  a  typical  value  of  4(X)ps  for  the  FE  lifetime  at  5K  for  Lz=10nm. 


0  200  400  600  800  0  200  400  600  800 


Time  (ps)  Time  (ps) 

Figure  2:  Doping  density  dependence  of  time  resolved  PL  transient  for  excitation  resonant 

with  the  FE  (a)  and  BE  (b). 

Fig  2(b)  also  shows  that  the  BE  lifetime  is  not  significantly  dependent  on  the  doping  level. 
A  slight  decrease  in  Tbe  at  the  highest  doping  concentration  shown  in  Fig.  2(b)  is  explained 
by  spectral  diffusion  of  BEs  to  lower  energies  than  those  detected  in  the  integration 
window.  This  relaxation  process  is  associated  with  the  localization  of  BEs  to  regions  of 
increasing  local  potential.  Such  processes  can  be  directly  compared  and  understood  from 
equivalent  behaviour  in  highly  doped  bulk  semiconductors  [11].  The  temperature 
dependence  of  the  exciton  kinetics  in  acceptor  doped  QWs  is  illustrated  in  Fig.  3.  Transients 
for  both  the  FE  (3(a))  and  BE  (3(b))  with  resonant  excitation  are  shown.  At  15K  and  2SK 
the  resonantly  excited  FE  and  BE  transients  are  very  similar,  indicating  that  the  populations 
are  effectively  thermalized  already  at  ISK.  As  mentioned  above  this  thermalization  is  not 
effective  at  5K,  where  the  FE  and  BE  decays  are  only  weakly  coupled.  The  decay  time  at 
2SK  which  is  common  to  both  BE  and  FE  is  found  to  be  larger  than  the  5K  value.  This  is  in 
part  explained  by  the  increase  in  the  FE  recombination  time  with  temperature  [1]  [7]. 
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The  initial  fast  decay  observed  for  the  FE  in  Fig.  3(a)  due  to  capture  at  the  BE  occurs  over  a 
shorter  time  scale  at  higher  T  due  to  the  increased  thermal  emission.  This  initial  decay  also 
contains  an  intrinsic  effect  due  to  the  heating  of  the  initially  resonantly  created  excitons 
(with  K~0,  i.e.  corresponding  to  a  temperature  of  ~1K)  to  the  actual  lattice  temperature, 
whereby  most  of  these  excitons  are  scattered  up  to  sufficiently  large  K-values  that  they  are 
no  longer  radiative  [12].  In  fact  a  similar  but  weaker  behaviour  is  also  observed  for  the  BE 
with  excitation  resonant  with  the  BE  (  see  Fig,  3(b)).  This  effect  is  not  well  understood  at 


Tim*  (p*)  Tim*  (p*) 

Figure  3:  Variation  of  the  PL  transients  widi  ten>peratuie  for  a  lOnm  wide  QW  with 
low  doping.  The  behaviour  for  excitation  resonant  with  FE  (a)  and  BE  (b). 


The  dependence  on  well  width  of  the 
excitonic  PL  transients  for  these  acceptor 
doped  samples  is  also  quite  strong  as  is 
shown  in  Rg.  4,  where  the  FE  PL  is  detected 
at  SK  with  excitation  resonant  with  the  FE. 
The  thermalization  between  BE  and  FE  is 
more  efficient  for  Lz=lSnm,  due  to  the 
significantly  lower  BE  binding  energy  in  this 
case.  For  Lz=S0A  the  capture  to  the  BE  is 
very  strong,  and  the  BE  is  the  dominant 
recombination  channel  once  this  capture  has 
occurred  [13]. 


Tim*  (ps) 

Figure  4:  Well  width  dependence  of  exciton 
capture  from  FE  to  BE  for  acceptor  doped 
samples  (doping  density  approx.  3*10^^  cm*^) 


Intensity  (arb.  units) 
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3.2.  Donor  Doped  samples. 

The  binding  energy  of  the  donor  BE  in 
AlGaAs/GaAs  is  much  smaller  than  for 
acceptors,  typically  about  2.2meV  at 
Lz=10nm,  compared  to  ~4.SmeV  for  the 
acceptor  BE.  This  means  that  BEs  bound  at 
neutral  shallow  donors  will  be  close  to 
being  thermalized  even  at  SK.  As  a  result 
the  Vinedcs  will  be  quite  different  from  the 
acceptor  case.  These  differences  are 
illustrated  at  5K  in  Hg  S.  Hie  excitation  is 
resonant  with  the  FE  in  figures  (a)  wd  (b), 
and  resonant  with  the  BE  for  (c).  In  (a)  Ae 
FE  PL  is  detected  while  in  (b)  and  (c)  the 
BE  is  detected.  Hg  S(a)  illustrates  the  fast 
thetmalization  of  the  FE  in  the  donor  doped 
sample.  In  contrast  the  acceptor  case  is 
dominated  by  capture  to  the  BE,  and 
essentially  no  thermalization  between  FE 
and  BE  is  evident.  Hg.  S(b)  also  indicates 
the  faster  thermalization  for  the  donor  BE, 
with  excitation  in  the  FE,  which  occurs  in 
the  donor  case.  In  Rg  S(c)  the  ihermal 
emission  from  BE  to  FE  dominates  the 
shape  of  the  BE  decay  for  the  donor  system. 
Whereas  essentially  no  thermal  emission  is 
observed  for  the  accetors  ar  5K.  These 
strong  thermal  emission  effects  for  the  BE 
make  it  difficult  to  evaluate  any  accurate 
values  for  donor  BE  lifetimes  fiom  these 
studies,  temperatures  lower  than  SK  are 
required  for  this  purpose. 

I^g.  6  illustrates  the  temperature 
dependence  of  the  BE  transient  upon 
excitation  resonant  with  the  the  donor  BE 
(Lz=10nm).  These  data  car.  be  contrasted 
with  Fig.  3(b),  for  the  case  of  the  acceptor 
BEs  of  the  same  well  width.  The 
thermalization  process  is  faster  at  higher  T, 

Figure  5:  Comparison  of  the  exciton  dynamics  as  expected  and  the  PL  decay  time 
in  acceptor  and  donm- doped  lOnm  quantum  wells  evaluated  at  the  long  decay  times  coincides 
at  SK  under  resonant  excitation  conditions.  with  the  corresponding  FE  decay  at  all 

temperatures  for  the  donor  case.  This  is  very  different  for  the  acceptor  BE  3(b),  where  the 
effective  decay  time  at  SK  is  significantly  different  from  the  FE  decay  time. 


Time  (p^ 
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Figure  6:  Temperature  dependence  of  the 
themulizatitMi  for  the  donor  doped  sample. 
Theimalized  equilibrium  is  achieved  at  Iwer 
temperatures  than  for  the  accepts  case. 

The  discussion  above  has  been  limited  to  the 
case  of  rather  low  excitation  densities 
(typically  <  10®  cm*2).  At  higher  densities 
additional  inechanisms  come  in  to  play  such 
as  exciton  scattering  effects,  which 
significantly  alter  the  short  time  behaviour 
of  both  FEs  and  BEs.  A  full  discussion  of 
these  effects  will  be  presented  in  a 
forthcoming  paper  [9]. 
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SPECTROSCOPY  OF  SHALLOV  DONOR  IMPORITIBS  IN  CaAt/GaAlAs  lfln.Tl-QIttllTai  VEIXS 
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ABSntACT 

The  spectra  observed  from  silicon-doped  GaAs/GaAlAs  multi-quantum  well  structures 
in  experiments  such  as  far  infrared  (FIR)  photo-conductivity  contain  peaks  which 
have  been  identified  with  transitions  from  the  ground  state  to  several  excited 
states  of  a  confined  Si  impurity  in  magnetic  fields  of  up  to  10  T.  Such  systems 
are  of  particular  Interest  as  some  of  the  observed  featuree  of  the  spectra  can  be 
explained  in  tenas  of  a  low-field  ’hydrogenic*  model,  whilst  other  features  are 
consistent  with  strong-field  descriptions,  where  Landau-like  behaviour  dominates. 

Details  of  a  theoretical  siodel  ace  given  which  predicts  transitions  from  the  Is- 
like  ground  state  of  a  hydrogenic  Impurity  to  various  excited  states.  These 
results  ace  then  used  to  determine  the  energies  of  so-called  SKtastable  states, 
which  are  not  bound  in  the  low-field  limit.  Transitions  to  both  bound  and 
metastable  states  are  identified  in  the  observed  experimental  data. 


1.  Introduction 

There  has  been  smch  discussion  in  the  literature  concerning  hydrogen-like  shallow- 
donor  impurities  in  seaiiconductors,  both  in  the  bulk  and  in  multi-quantum  wells 
(MQV's).  Transitions  to  Bp+x-  and  2p.t-like  excited  states  have  clearly  been 
identified  in  FIR  {diotocondlctivity  experiments.  However,  there  are  several 
contradictory  pictures  for  the  assignments  of  the  remaining  transitions, 
particularly  in  HQtf's.  The  underlying  cause  of  the  problem  is  that  for  the 
magnetic  fields  of  up  to  about  lOT  used  experimentally,  the  behaviour  of  the 
impurities  is  intermediate  between  that  obtained  using  a  low-field  hydrogenic 
picture  and  that  of  a  high-field  Landau  type  formalism. 

In  this  paper,  a  theoretical  model  will  be  developed  using  states  which  are 
principally  hydrogen-like,  but  which  incorporate  some  of  the  required  Landau-like 
behaviour  appropriate  to  higher  fields.  An  analysis  of  the  number  of  ncies  of  the 
predicted  eigenstates  in  the  z-direction  will  be  used  as  an  additional  aid  to 
Identification  of  the  states.  In  addition,  transitions  to  various  metastable 
states  will  be  identified  using  knowledge  of  the  bound  hydrogenic  states. 

The  model  used  for  the  hydrogenic  states  is  based  on  that  of  Greene  and  Lane*  and 
is  an  extension  of  our  previous  work**’.  The  swdel  of  Greene  and  Lane*  has  been 
extended  to  include  the  effects  of  higher  excited  states  and  of  states  with  angular 
momentum  m  •  iZ.  It  has  also  been  modified  to  allow  for  a  non-isotropic  effective 
mass,  and  to  include  the  effects  of  odd-parity  states  which  are  important  for 
Impurities  which  are  not  located  at  the  centre  of  a  quantuva  well. 


2.  The  Theoretical  Hodel 

In  the  model  used,  an  anisotropic  effective  mass  is  introduced  by  def-lning  a 
parallel  effective  mass  -jif  for  motion  in  the  x-y  plane  and  a  perpendicular 
effective  mass  m^  for  motion  in  the  z-directlon.  Relative  effective  m&'tes  m^^  ■ 
I  9*  :.  are  also  defined,  where  m*  ■  0.067  s^  is  the  usual  GaAs  effeteive  mar.s. 

The  efff...tive  masses  in  the  barriers  may  be  different  to  those  in  thit  wells. 

The  Hamiltonian  for  a  shallow  donor  hapurity  in  a  with  an  applied  perpendicular 
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magnetic  field  can  then  be  written  in  the  diaeneionleee  fora 

M— 1  (yj,+  iY*P*)-4*V*)  (2.1) 

Of  *  * 

using  cylindrical  coordinates  with  origin  at  the  centre  of  a  quantum  well  and  with 
the  z-axls  defined  to  be  the  M1)W  growth  axis,  and  where 


The  unit  of  length  is  the  6aAs  effective  Bohr  radius  a^  ■  99.7  A.  the  unit  of 
energy  is  the  GaAs  effective  Eydberg  E  ■  5.89  meV,  and  the  quantity  y  is  a 
dliaensionless  smasure  of  magnetic  field,  related  to  the  field  B  in  Tesla  by  the 
relation  y  0.15  B.  V|(s)  is  an  energy  operator  for  the  square  well  potential, 
defined  to  have  the  value  zero  in  the  wells  and  a  constant  value  V,  in  the 
barriers.  For  Ga|.,AlxAs  HI)!ir*s,  V,  is  taken  to  be  85Z  of  the  total  band  gap 
difference  aBg  between  GaAs  and  GaAlAs.  The  position  of  the  ii^mrity  electron  is 
t  ■■  [p*  (z  -  zi)^]^'*,  where  zj  specifies  the  z-coordlnate  of  the  is^urity  nucleus. 

Many  attempts  have  bem  mads  to  solve  the  Basdltonian  (2.1)  for  HQlir’s  and  the 
analogous  Bamiltonian  for  the  bulk.  Although  exact  analytical  solutions  can  not 
be  found  for  the  Intermediate  magnetic  fields  of  interest.  The  Is  to  energy 
splittings  were  predicted  to  a  reasonable  degree  of  accuracy  using  a  variatimwl 
approach  in  which  hydrogenic  states  were  expanded  in  terms  of  Gaussian>type  basis 
sets‘>*.  This  has  the  advantage  that,  although  the  states  are  constructed  using  a 
weak-field  formalism,  the  Gaussian  behaviour  of  Landau  states  is  partially 
incorporated  in  the  wavef unctions,  making  them  more  appropriate  for  larger  fields. 
This  basic  approach  will  be  developed  here,  although  without  resort  to  a 
variational  procedure. 

To  a  first  approximation,  the  eigenstates  f  of  a  hydrogenic  iz^urity  in  a  quantum 
well  can  be  expected  to  be  a  product  of  bulk  hydrogen  states  aud  states  f(z) 
which  are  solutions  of  the  standard  square  well  problem  (ie.  cos(ks)  in  the 
barriers  and  [Ae**  +  Be***]  in  the  wells).  The  parameters  k,  x,  A  and  B  are  fixed 
by  ensuring  that  g  and  (l/mr^)dg/0z  are  continuous  across  the  well  boundaries. 

The  angular  sMswntum  operator  1,  cosnutes  with  the  Basdltonian  (2.1),  so  its 
eigenvalue  m  must  be  a  good  quantum  number  in  this  system.  For  ii^rities  located 
at  the  centre  of  a  quantum  well,  the  z>type  parity  «•  C  *  (-1)^**)  is  also  a  good 
quant’im  number.  Bowever,  n  and  1  will  not  be  good  quantum  numbers.  Bence, 
approximate  eigenstates  of  the  on-cmtre  HfK  problem  can  be  found  by  taking  linear 
combinations  of  hydrogenic  states  with  different  n  and  1  values,  but  with  the  same 
value  of  m  and  of  v,.  For  off-centre  ia^urities,  it  is  necessary  to  allow  mixing 
between  states  of  different  parity. 

The  Slater- type  exponential  factors  e~*^*  in  the  standard  hydrogen  states  for  the 
bulk  can  be  expanded  in  tersu  cf  basis  sets  of  Gsussians’ 

where  the  and  a^  are  parameters  sdiose  values  are  determined  nuamrlcally.  A 
further  field-dependent  parameter  9  was  included  as  an  additive  factor  to  the  a^ 
in  the  Gaussians  in  p  to  allow  for  the  expected  reductions  in  orbit  sizes  in  the 
x-y  plane  as  the  smgnetie  field  strength  increases.  Their  final  choice,  idiich  is 
followed  here,  was  9  ■  0.1  y,  although  the  results  are  not  very  sensitive  to  the 
precise  value  of  9  used. 
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A  baait  set  of  6auatian-trp«  functions  for  the  MQir  problem  is  constructed  by 
choosing  a  set  of  numbers  Ak  for  each  (m,v,)  sat  from  the  sets  of  a^  in  the  Gaussian 
expansions  for  each  cf  the  states  in  that  set.  Here,  it  is  the  range  of  values 
chosen  which  snst  strongly  influences  the  final  results  rather  than  the  pr';ci;;e 
values  used. 

The  hydrogenic  states  in  a  quantum  well  are  thus  assumed  to  be  a  linear  combination 
of  states  ft  given  by 


where  qt  >  («,  +  |«,|)/2.  Following  Greene  and  Lane*,  the  paraiMters  oq  and  Pt  are 
taken  from  the  sets  A^,  with  the  restriction  that,  if  the  Ak  ace  listed  in  order 
of  BMgnitude,  oq  *  Ak  -  Pi  ■  Ak  or  Akti,  ie.  that  the  arguamnts  of  the  Gaussians  in 
p  and  (s  -  zi)  are  ‘sladlar*  in  amgnitude.  flie  number  of  terms  k  is  chosen  to  be 
large  enough  for  the  resultant  wavefunctlons  to  be  good,  but  samll  enough  for 
calculations  with  the  states  to  be  manageable.  A  value  for  k  of  5  or  6  for  each 
(m,v,)  set  was  taken  as  a  reasonable  coa9road.se,  which  gives  a  total  number  of 
basis  states  i  for  each  set  of  (3k-2)  -  13  or  16. 

The  final  values  for  Ak  used  here  for  all  sets  of  states  are  the  same  as  those  used 
by  Greene  and  Lane*  for  the  m  -  0  and  m  -  ±1  even  parity  states,  namely  13.4,  2.01, 
0.4S4,  0.123,  0.0324  and  0.00717.  Hhny  other  sets  of  Ak  covering  a  siadlar  range 
of  values  have  also  been  investigated,  and  found  ^o  give  very  similar  results,  at 
least  for  the  lower-lying  states. 

Approximate  eigenvalues  and  eigenstates  of  the  Hamiltonian  U  are  found  by 
numerically  solving  the  generalised  eigenvalue  problem  Xf-  EOf .  Irt  the  original 
papers  of  Greene  and  co-workers,  eigenstates  were  obtained  by  tarrying  out  a 
variational  procedure.  Here,  in  order  to  save  computing  tisw,  a  strict  variational 
procedure  is  not  esqiloyed.  Instead,  the  optlsml  parasmters  of  Greene  and  Lane*  are 
used  directly  in  calculations,  although  the  parameters  ace  changed  slightly  ’by 
hand’  in  order  to  observe  the  effect  on  the  final  results. 

According  to  sisqile  electric  dipole  selection  rules,  transitions  from  the  Is-llke 
ground  state  are  only  allowed  to  states  with  m  ••  Ai  for  the  Faraday  configuration 
used  experimentally.  For  on-centre  iaqairities,  transitions  must  also  conserve  v,. 
However,  there  is  evidence  that  in  the  bulk,  transitions  are  weakly  observed  to 
both  states  with  m  -  0  and  m  ±2,  as  well  as  to  states  with  odd  z-parity,  due  to 
various  weak  perturbation  effects.  Bence,  the  possibility  of  transitions  to  all 
states  are  invei ‘tgated. 

The  states  of  a  h/-  rogenic  isqwrity  can  be  labelled  in  the  alternative  high-field 
notation  (N,m,v),  vaore  N  is  the  principle  Landau  quantum  number,  m  the  usual 
magnetic  quantum  nu>  .*ier  and  v  gives  the  number  of  nodes  of  the  wavefimetion  in  the 
z-direction.  The  z-parity  of  these  states  is  tbn  carried  entirely  hy  the  quantum 
nusdmr  v,  ie.  w,  >  (-1)*.  In  this  notation,  ',he  states  (N,m,v}  exist  for  sll 
integers  N  t  0  with  m  a  N.  However,  only  the  scater  with  M  •«  0  and  vith  N  *  m  for 
H  k  1  arc  truly  bound,  and  extrapolate  beck  to  the  hydrogen-like  states  in  weak 
fields.  It  is  these  states  which  are  predicted  by  our  model  above,  nie  remaining 
states  are  called  metastable  staces,  and  are  considered  in  srnre  detail  below. 


3,  Besolts  and  Comparison  with  ttp&tiamt 

FIE  photoconductivity  measurements  on  GsAs/6ae.<7Alo,3shs  MQV’s  have  recently  been 
made  in  fields  of  up  to  8T.*  The  wells  and  barriers  were  approximately  150  A  wide, 
and  the  central  50  A  of  each  well  were  doped  with  silicon  to  a  concentration  of 
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approxiaately  1  x  10“  cm*’.  Soae  data  la  also  availabla  im  valla  of  other 
vldtha’*“.  Theae  have  been  coabined  to  deteradne,  although  aoaevhat  ai^roxiaately, 
thoae  reaulta  vhich  vould  have  occurred  with  a  ISO  A  -wide  aai^le. 

The  2p«i  and  2p.i  tranaitlone  were  fitted  to  a  reaaonable  degree  of  accuracy  by 
Greene  and  Lane^  However,  the  2p«i  -  2p.i  aplitting  ie  observed  to  be  alightly 
lest  than  the  value  of  precisely  iy  idilch  aust  occur  If  an  isotropic  effective  aats 
it  used  in  the  calculations.  An  iaproved  fit  to  the  data  can  be  found  by  choosing 
a  parallel  effective  aaaa  s^^  of  around  O.OfiOs!,  and  perpendicular  aaas  a^  of  0.068a« 
for  the  ISOA  vide  wells  considered  here.  The  effective  Masses  in  the  barriers  were 
taken  to  be  larger  than  those  in  the  wells  by  the  usual  additive  factor  0.083s^. 

The  final  reaulta  for 
tratisitions  to  bound 
excited  states  of  on- 
centre  i^Hirities  are 
shown  as  solid  lines 
in  figure  1.  Also 
shown  is  the  data  of 
Grlcies  ec  al*  averaged 
over  all  saa^llea  (A) 
and  the  average  of  the 
datfe  for  the  2p,i  and 
2p.i  transitions  as 
observed  by  other 
workers  (o)*'*’. 

Denoting  the  states  by 
labels  which  teea  aost 
appropriate  by  analogy 
to  pure  hydrogen,  the 
transitions  presented 
are  to  final  states 
(frcai  bottoa  right  to 
top  left)  2p.i  ■  (0,-l,0),  3p.i  ■  (0,-l,2),  2Ph  ■  (1,1,0),  3d*i  ■  (1,1,1),  3p„  ■ 
(1,1,2)  and  3d,2  ■  (2,2,0).  A  possible  transition  to  a  further  a  •  2  line  is  shown 
as  n  dotted  line. 

The  diagonalisation  procedure  of  the  aodel  in  section  2  produces  (3k-2)  states  for 
each  (a,v,)  set.  Howevrr,  not  all  of  these  states  have  a  physical  swaning. 
According  to  the  high-field  picture,  only  one  truly  bound  hydrogenic  state  it 
allcwed  with  a  given  value  of  a  and  given  nuaber  of  nodes  v.  Thus  the  nuaber  of 
nod(-s  of  each  of  the  predicted  eigenstates  can  be  exaained  and  cmly  the  lowest- 
energy  state  with  a  given  value  of  v  for  each  a  selected.  The  states  chosen  all 
have  the  correct  nuaber  of  nodes  to  satisfy  this  condition. 

According  to  the  electric  dipole  selection  roles,  transitions  froa  Is  to  states  of 
odd-parity  such  as  3d«i  should  be  forbiddsn  for  on-centre  iapurities.  However,  they 
will  be  allowed  for  off-centre  iapurities,  where  states  of  different  psrity  are 
mixed  together,  and  nay  be  weakly  allowed  for  on-centre  iapurities  due  to  various 
perturbation  effects.  The  theoretics!  prediction  for  3p«t  is  alaost  coincident  with 
that  of  3d,i.  waking  the  identification  of  these  lines  in  the  ezperiaental  data 
unclear.  However,  the  experiaental  points  in  this  region  arc  observed  to  behave 
sosawhat  differently  to  those  of  the  other  points  (having  a  different  line  shape 
and  being  sensitive  to  different  experiaental  conditions),  which  is  consistent  with 
the  d«ta  being  a  sum  of  two  different  transitions.  The  identification  of  the  line 
labelled  3d,2  ■  (2,2,0)  can  not  be  nsde  conclusively  because  the  data  which  fits 
this  r.ine  also  fits  the  (2,1,0)  aetastable  state  (see  below),  to  idiich  transitions 
arc  expected  to  be  nuch  stronger. 


Figure  li  Transitions  froa  Is 
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Sinilar  results  to  those  above  have  twen  obtained  for  finite  values  of  zi. 
Generally  speaking,  the  pattern  of  energy  levels  predicted  is  very  sladlar  to  the 
on-centre  case  but  with  a  shift  to  lower  energy.  Host  of  the  lower  energy 
transitions  are  -  3  to  S  cai*‘  lower  than  the  corresp<mding  on-centre  cases  for  zx 
-  20  A  and  20  to  30  ca'^  lower  for  zt  ■  50  A. 

Further  experiaantal  points  have  been  observed  which  can  not  be  fitted  to  states 
derived  frosi  a  hydrogcnic  aodel.  It  is  well-known  in  bulk  GaAs  that  transitions 
are  seen  to  the  aetastable  states*^.  Bence,  it  is  likely  that  transitions  to 
ffletsstable  states  will  also  occur  In  HC{tf*s.  One  characteristic  feature  of 
transitions  to  Mtastable  states  is  that  lines  occur  in  pairs  separated  by  the 
cyclotron  resonance  energy  hwe  2y)  or  aultlples  thereof.  In  particular, 

E(N,a,v)  -  E(N-B,-ai,v)  sthtt^  (3.1) 

where  E(N,m,v)  is  the  energy  of  the  'tate  (N,a,v).  The  observed  data  does  indeed 
have  several  pairs  of  states  with  kwe  separations.  On  a  hydrogenic  picture,  there 
is  no  fundasMntal  reason  why  any  pairs  of  states  other  that  nl«x  and  nl.t  should  be 
separated  by  1i«e,  and  it  is  unlikely  that  all  of  the  higher-energy  states  obser/ed 
idtlch  obey  this  pattern  are  associated  with  ■  ■  -1,  as  these  levels  tend  to  be  snich 
lower  in  energy. 

Unfortunately,  expreaaions  for  the  swtastable  states  are  not  generally  known. 
However,  a  sesii-qualitative  attes^t  can  be  aade  to  identify  sosm  of  the  sKtastable 
stsces.  In  the  bulk,  the  (1,-1,0)  aetastable  state  hat  been  Identified  just  above 
and  alaost  parallel  to  the  2p*i  level**'*’.  A  siailarly  placed  level  occurs  in  the 
quantum  well  case,  so  this  it  identified  trith  the  (1,-1,0)  aetastable  state.  The 
(2,1,0)  SKtastable  state  can  then  be  identified  kwe  above  this.  As  santioned 
above,  this  latter  line  coincides  with  the  position  of  the  (2,2,0)  hydrogenic  line. 
The  experiaental  observations  near  this  point  could  be  a  ccaqiosite  of  both  lines, 
although  the  SMtastable  contribution  can  be  expected  to  dominate  due  to  the 
electric  dipole  selection  rules. 

As  the  Coulomb  potential  is  rotationally  synmtric,  it  can  not  mix  together  Landau 
states  with  different  values  of  m.  The  nusdar  of  nodes  v  oust  also  be  conserved. 
However,  states  with  different  N*s  will  be  mixed  together.  The  effect  it  to 
increase  the  separation  of  the  states  (M,m,v)  and  (H-fl.m.v)  to  a  value  slightly 
larger  than  kwe  which  is  approximately  constant  (decreasing  slightly  with 
increasing  R  and  increasing  field).  As  the  positions  of  the  (1,1,0)  and  (2,1,0) 
lines  have  already  been  identified,  this  allows  the  positions  of  the  (3,1,0)  and 
(4,1,0)  metastable  states  to  be  detersdned.  The  position  of  the  (2, -1,0) 
ffletsstable  state  can  then  be  fixed  by  further  use  of  (3.1). 

The  results  for  all  of  the  swtastable  states  Identified  are  shown  as  dashed  lines 
on  figure  1,  where  it  can  be  seen  that  the  agreement  between  experiment  and  theory 
is  good.  From  bottom  ri^t  to  top  left,  they  are  (1,-1,0},  (2,1,0),  (2, -1,0), 
(3,1,0)  and  (4,1,0). 

Physical  pictures  for  the  behaviour  of  the  impurity  electron  in  various  of  its 
states  have  been  obtained  by  plotting  the  probability  density  as  a  functiim  of 
position.  Plots  of  T’  Integrated  over  p  and  ^  have  been  made  in  order  to  show  the 
probability  of  being  at  a  given  a  position.  Some  typical  plots  for  aero  field  arc 
shown  in  Figure  2. 

Probability  density  plots  show  that  the  Is  ground  state  is  almost  entirely 
localised  in  the  central  well  at  all  field  strengths  for  150  A-wide  wells,  nie  2p»i 
state  is  also  stroi^ly  localised  in  the  central  well,  but  does  extend  into  next- 
nearest  wells  in  sswll  fields.  In  larger  fields,  the  localisation  in  the  central 
well  is  found  to  becosw  alswst  total.  In  contrast,  the  odd-parity  3d,i  wavefunction 
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i«  very  null  in  the  central  well  end 
epreede  out  over  eeveral  veils  in 
eaell  field*.  ContoM.<  plot*  of  the 
pcolMtbllity  density  ^s  a  function  of 
a  and  p  (integrated  over  4)  ahow  that 
in  zero  field,  the  electron  is 
confined  to  approziaately  circular 
orbits  in  the  x>y  plane  of  radius  SoA 
for  the  Is  state  and  200  A  for  the 
2p,j  state. 


5.  Discussion 

Using  the  results  of  a  theoretical 
■odel  for  hydrogenic  is^urities  and 
knowledge  of  sMtastable  states  in  the 
bulk,  it  has  been  possible  to  ei^lain 
alaost  all  of  the  recent  Fit 
photoconductivity  results*  on  Gads/ 
CaAlAs  Mipr's  in  tersw  of  transitions 
froa  the  Is-like  ground  state  of  a 
lydrogenic  isqairity.  There  is  son* 
eviderce  that  transitions  to  states 
with  ■  ■  2  and  to  odd-parity  states 
■ay  be  weakly  observed  due  to  weak 
perturbations  and  the  effects  of  off- 
centre  ii^urities.  Bowever,  sosa  of 
the  highuc  states  can  not  be 
conclusively  Identified  at  this  stage,  and  further  work  is  necessary. 


Figure  2t  Probability  Densities  for  the  2p,t 

( _ )  and  3d,i  ( _ )  states  of  on-centre 

isqturities  and  the  2p,|  state  of  i^orities 
with  zx  *  SO  A 


Acknowledgeswnte 

We  are  grateful  to  our  colleagues  Dr  J  M  Chaaberlain,  Dr  R  Crises  and  Dr  M  Stanaway 
at  Nottinghaa  for  providing  results  of  their  ezperiarats  prior  to  publicatim.  One 
of  us  (EP)  wishes  to  thank  the  SERC  for  a  Research  Studentship. 


References 

1.  R.L.  Greene  and  P.  Lane,  Phy*.  Rev.  B  14,  8639  (1986) 

2.  J.L.  Dunn,  E.  Pearl,  R.T.  Grises,  M.B.  Stanaway  and  J.M.  Chaad>erlain,  Hst. 
Sci.  Forus  65-66.  117  (1990) 

3.  J.L.  Dunn  and  E.  Pearl,  J.  Phya.t  Condens.  Hatter,  Subsdtted  for  publication. 

4.  R.L.  Greene  end  K.K.  Bajaj,  Mys.  Rev.  B  H,  913  (1985) 

5.  S.  Buzinaga,  J.  dies.  Phys.  1293  (1965) 

6.  R.T.  GrUws,  M.B.  Stanaway,  J.M.  ChaHberlain,  JiL.  Dium,  M.  Benini,  O.B. 
Hughes  and  G.  Bill,  Sasdeond.  Sci.  Technol  1,  305  (1990) 

7.  y-B  Chang,  B.D.  Meiiosbe,  J^  Mercy,  A.A.  Reeder, .J.  Ralston,  and  G.A.  Vicks, 
Ritys.  Rev.  Utt  £L,  1408  (1988) 

8.  B.C.  Jarosik,  B.D.  NcCoedie,  B.V.  Shaaabrook,  J.  (ksss,  J.  Ralston,  and  G. 
Vicks,  Riys.  Rev.  Utt.  li,  1283  (1985) 

9.  J-P  dieng  and  B.D.  HeCosbe,  Fhys.  Rev.  B  H,  7626  (1990) 

10.  J-P  Cheng,  V.J.  U  and  B.D.  McCoMta,  Nat.  Sci.  Focus  65-66.  99  (1990) 

11.  A.v.  Klarenbosch,  T.O.  RlaassM,  V.Th.  Veackcbach  and  C.T.  Fozon,  J.  i^l. 
Phys.  SI,  6323  (1990) 

12.  S.  Itarita  and  M.  Niyao.  Solid  State  Coiwan.  £,  2161  (1971) 

13.  H.P.  Vagner  and  V.  Prettl,  Solid  Sute  Cossnn.  367  (1988) 


Materials  Science  Fonm  VoL  83-8?  (1992)  1375-1380 


EXCITONS  BOUND  AT  SHALLOW  IMPURITIES  IN  GaAs/AIGaAs  QUANTUM 
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ABSTRACT 

A  spectroscopic  study  of  the  properties  of  excitons  bound  (BE)  at  shallow  impimiies.  both  amptop 
and  donors,  in  narrow  GaAsfAlGaAs  quantum  wells  (QWs)  is  prespiied.  Tte  doping  conditions  in 
thefts  have  been  varied  in  a  systematic  way  up  to  the  degoieraie  limit  Severd  novel  aspects  of  the 
excitonic  properties  are  deroontfraied:  Hie  first  observation  of  the  two  electron  traiBition  telmed  to 
the  donor  BE  in  selective  phouduminescence,  yi^ing  information  about  the  electronic  structure  of 
the  donor.  For  the  case  of  acceptors  confiri^  in  narrow  <^s.  we  demonstrate  that  the  capture 
process  into  the  accpMor  BE  occurs  predominantly  from  the  localized  exciton  (LE)  state,  i^e.  a  free 
exciton  localized  in  the  locally  lowest  potential  due  to  interface  roughness.  Accordingly, 
exceptionally  small  BE  linewidths  are  achieved  upon  excittuion  resonant  widi  the  LE  also  fornanrow 
QWs.  For  higher  acceptor  concentrations,  the  nonnd  BE  peak  is  replaced  by  a  broader  feature 
appearing  with  a  larger  bindii^  energy  and  higher  intensity  level  than  the  BE.  A  pbusiMe  candidate 
for  this  novel  bond  is  the  exciton  boutKl  at  interacting  acoqMorsw 


1.  INTRODUCTION 

While  the  bound  excitons  (BEs)  have  been  extensively  sturhed  in  buR  material  and  we  have  by  now  a 
fairly  detailed  knowledge  about  the  BE  properties,  the  corresponding  level  of  knowled^  is 
consideraNy  lower  for  the  BEs  in  the  twoHlimenskmai  (2D)  case.  The  fast  observation  of  a  BE  in  a 
quantum  well  (QW)  in  photoluminescence  (PL)  was  reported  less  than  ten  years  ago  by  R.<;^.  Miller 
et  al  I.  A  binding  energy  of  about  6.S  meV  was  found  for  the  shallow  acceptor  BE  in  their  46  A  wide 
GaAs/AIGaAs  QW  to  be  compared  with  2.9  meV  in  bulk  GaAs  The  acceptor  BE  binding  energy 
has  been  shown  to  increase  with  decreasing  QW  width  down  to  Lz-SOA  However,  the  BE 
binding  energy  is  expected  to  reach  a  maximum  for  a  certam  Lz  to  be  back  on  the  bulk  value  for  Lz^O 
in  accordance  with  the  impurity  binding  energy,  although  this  has  ncH  been  experimentally 
demonstrated  so  far  for  the  BE  Accurate  determinaiions  of  tire  BE  binduig  energy  from  conventioaal 
n,  measurements  are  difficult  to  perform  for  small  Lz.  since  the  exciton  linewidths  are  incteanng 
with  decreasing  Lz  and  the  BE  is  buely  resolved  from  the  free  exciton  (FE).  The  acreuracy  is 
significantly  improved  by  the  observation  of  the  BE  in  selective  PL  (SPL)  experiments  iqron 
excitation  resonant  with  the  FE.  as  described  in  mote  detail  below^.  Also,  die  observmion  of  two 
hole  transitions  (THTs)  of  the  BE  ^  has  allowed  accurate  determinations  of  the  BE  eneqties.  By 
detecting  such  a  THT  peak  in  PLE  measuremenu,  it  is  possible  to  observe  the  BE  also  in  PLE 
spectra,usuallyexhibitingasignincantly  smaller  linmividih  than  in  PL. 

For  the  case  of  the  donor  BE  in  GaAsfAKjaAs  QWs,  there  Ins  been  even  more  uncerfainty  tdiout  the 
the  interpretation  of  the  recombinatioas  close  to  the  bandgap.  This  uncenainiy  is  mainly  due  to  die 
fact  that  the  donors  are  more  shallow  and  the  confined  donor  BE  appears  at  an  energy  position  very 
close  to  the  free-to-bound  (FB)  lecoroNnation  involving  the  omfined  donor  We  presmit  in  this 
stud^  the  first  obsetwBion  of  two  electron  transitions  (TCTs)  of  the  donor  BE  in  a  QW  by  using  S>L. 
The  otenvation  of  TETs  provides  a  verification  of  the  inrerpreMon  rrf^  the  donor  BE.  bM  yields  ^ 
information  about  the  excited  states  of  the  confined  donor  and  a  way  to  accurately  det^ine  the 
binding  energies  ^  the  donor.  In  addition,  we  report  briefly  on  die  differencres  in  die  BE  that 
occur,  when  the  doping  level  in  the  QW  is  inctcam  up  to  the  degenetare  limit. 
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2.  SAMPLES  AND  EXPERIMENTAL 

The  samples  were  grown  by  MBE  on  a  semiinsulating  substrate.  On  top  of  the  GaAs  buffer,  50 
periods  of  GaAs  QWs  separated  by  150 A  wide  Alo.3G^,7As  barriers  and  finally  a  50A  wide  GaAs 
cap  layer  were  grown.  The  central  20%  of  the  QWs  were  doped  with  Be  in  the  p-type  QWs  and  with 
Si  in  tile  n-type  welis.  The  doping  level  has  been  varied  in  a  wide  range:  From  2*105  up  to  1.5- 10^2 
cm-2  for  both  the  p-type  and  n-type  doping.  Also  the  QW  widths  have  been  varied  in  a  wide  range, 
50  -  150 A,  but  most  of  the  results  reported  here  for  the  acceptor  doped  structures  originate  from 
measurements  on  150A  wide  QWs,  while  most  of  the  studies  on  donor  doped  structures  were 
pcrfonned  on  lOOA  wide  QWs. 

The  5 145 A  line  from  a  cw  Ar+  ion  laser  has  been  used  for  PL  spectra  with  above  bandgap  excitation. 
The  same  Ar+  laser  pumping  a  solid  state  Titanium  Sapphire  tunable  laser  was  employed  for  the  SPL 
and  PLE  measurements.  All  measurements  reported  here  were  performed  at  temperatures  below  2K. 


3.  ACCEPTOR  DOPED  QWs 

3.1.  LOW  DOPING 

In  striking  contrast  to  bulk  material,  the 
intrinsic  F£  normally  dominates  the 
recombination  processes  up  to  fairly  high 
impurity  levels  due  to  the  effect  of  confinement 
on  both  the  electron  and  hole  The  acceptor 
BE  does  not  appear  in  the  PL  spectrum  until 
the  doping  level  is  above  «1. 5-109  cin-2  in  a 
100  A  wide  QW.  Also  at  moderate  doping  M 
levels  (say  p  =  1.5-10^0  cm'^),  only  the  FE  ‘S 
and  acceptor  BE  are  observed  in  a  typical  PL  3 
spectrum  of  a  similar  QW  witii  above  bandgap 
excitation.  However,  with  selective  excitation  ^ 
close  to  or  resonant  with  the  excitons,  new 
features,  e.g.  the  FB  emission  involving  the 
neutral  Be  acceptor,  the  THT  and  resonant 
Raman  scattering  (RRS)  satellites,  appear  in  S 
the  SPL  spectra  3.  Such  studies  have  provided  q 
important  information  about  the  excited  states 
of  the  confined  impurities,  and  their  CD 
dependence  on  the  QW  width  and  impurity  O 
position  in  the  QW. 

The  intensity  ratio  BE/FE  is  further  reduced 
and  the  exciton  lines  broaden  with  decreasing 
QW  width  and  increasing  localization  effects. 

Due  to  these  facts,  it  is  usually  not  possible  to 
resolve  the  FE-BE  peaks  for  such  narrow  QWs 
and  the  BE  binding  energies  can  not  be 
accurately  determined.  However,  similar  SPL 
experiments  as  described  above  also  provide 
information  on  the  exciton  localization  and 
exciton  binding  energies.  Due  to  interface 
roughness,  also  the  FE  gets  localized  at  the 
locally  lowest  potential .  Thus  the  "free 
excitons"  can  be  more  properly  treated  as 


Photon  Energy  (eV) 

Fig.  1:  A  synopsis  of  SPL  spectra  for  a  50  A 
QW  doped  with  Be  to  level  of  1.5-10^0  cm-2 
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localized  excitons  (LEs),  trapped  at  interface 
fluctuation  potentials.  Tliis  loc^ization  process 
of  excitons  has  been  further  investigated  by 
picosecond  transient  measurements,  which 
directly  demonstrate  the  spectral  diffusion  of 
excitons.  Furthermore,  by  exciting  resonantly 
with  the  LE,  a  sharp  and  well-defined  BE  peak 
appears  in  the  SPL  spectrum  also  for  narrow 
QWs,  as  illustrated  in  Fig.  1  for  a  50A  wide 
QW.  This  is  in  contrast  to  the  case  with  non-  2“ 
resonant  excitation,  when  it  is  usually  not  § 
possible  to  resolve  the  FE-BE  peaks  for  such  ^ 
narrow  QWs.  Thus,  this  kind  of  s 
measurements  allow  an  accurate  determination  ^ 
of  the  BE  binding  energies.  | 

C 

As  mentioned  above,  the  FE  normally  g 
dominates  the  PL  spectrum  in  narrow  QWs.  g 
This  effect  is  even  more  striking  in  PLE  « 
spectra,  as  is  illustrated  in  Fig.  2  (the  lower  i 
spectrum)  for  a  71 A  wide  QW  with  the  FB  I 
band  detected.  In  fact,  the  first  observation  of"* 
the  BE  in  PLE  was  not  reported  until  recently 
when  the  THT  peak  was  detected  (the  upper 
spectrum  in  Fig.  2).  In  bulk  material,  on  the 
other  hand,  this  method,  to  look  for  the 
enhancement  of  the  BE  in  PLE,  when  the  THT 
is  detected,  is  a  common  method  to  verify  the 
interpretation  of  THTs. 

3.2.  HIGH  DOPING 


When  the  acceptor  concentration  is  successively  increased,  a  wing  on  the  low  energy  side  of  the  BE 
is  rapidly  increasing  in  intensity  to  be  dominating  already  at  an  acceptor  concentration  of  5. 10*0  cm-2 
for  the  case  of  a  ISOA  wide  QW,  while  the  FE  intensity  is  decreasing.  Fig.  3  shows  such  a  PL 
spectrum  for  a  150A  QW,  which  is  acceptor  doped  to  a  level  of  1.5-10**  cm’2  (corresponding  to  a 
spatial  separation  between  the  acceptors  of  about  260A  on  average).  As  can  be  seen,  the  FE 
timeintegrated  intensity  is  more  than  two  orders  of  magnitude  lower  than  the  new  acceptor  related 
band.  The  energy  separation  between  the  FE  and  this  new  band  is  about  7.4  meV,  to  be  compared 
with  the  corresponding  FE  -  BE  energy  separation  of  4.2  meV  in  a  low  doped  QW  of  the  same  width. 

The  PLE  spectrum  of  the  same  sample  is  shown  in  Fig.  4,  when  detecting  the  low  energy  wing  of  the 
novel  band.  In  addition  to  the  hh-  and  Ih-states  of  the  FE,  a  new  band  appears  also  in  this  PLE 
spectrum.  This  band  is  relatively  strong  compared  with  e.g.  the  weak  BE  peak  as  observed  in  PLE 
spectra  in  a  moderately  doped  QW  of  the  same  width  5.  This  new  feature  appears  5.0  meV  below  the 
FE  hh  peak,  i.e.  with  an  energy  separation  smaller  than  in  the  PL  spectrum,  but  still  with  a  larger 
separation  from  the  FE  peak  than  the  normal  BE,  The  PLE  spectrum  reflects  mainly  the  density  of 
states,  while  a  relaxation  to  states  at  a  lower  potential  corresponding  to  larger  Lz  occurs  before  the 
recombination  process  observed  in  PL.  This  is  a  well-known  mechanism  caused  by  interface 
roughness,  which  gives  rise  to  e.g.  the  Stokes’  shift.  However,  the  normal  Stokes'  shift  for  the  FE 
in  the  same  structure  is  3.6  meV,  while  the  corresponding  downshift  in  PL  for  this  novel  band  is 
significantly  larger,  6.0  meV.  Thus,  the  additional  downshift  in  energy  has  to  be  due  to  a  different 
relaxation  process. 

One  plausible  candidate  for  this  new  band  is  excitons  bound  at  interacting  acceptors.  The  interaction 
between  two  or  more  acceptors  should  increase  the  potential  binding  the  exciton  compared  to  a  single 
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PHOTON  ENERGY  (eV)  EXCITATION  ENERGY  (eV) 

Fig.  3:  PL  spectrum  of  a  150 A  wide  QW,  center  Fig.  4:  PLE  spectum  of  the  same  QW  as  shown 
doped  with  Be  to  a  level  of  1.5-10*^  cm*^  in  Fig,  3 

acceptor.  A  distribution  of  binding  energies  due  to  the  varying  spatial  separation  between  the 
acceptors  and  possibly  also  the  number  of  interacting  acceptors  is  expected.  Then  excitons  could  be 
transferred  from  one  site  to  another  site  with  a  higher  binding  energy.  Such  a  transfer  process  should 
give  rise  to  an  additional  downshift  in  energy  in  the  timeintegrated  PL  spectrum  compared  to  the  PLE 
spectrum. 

Similar  transformations  from  nairow  BE  lines  to  broader  and  asymmetric  bands  at  lower  energies 
have  earlier  been  observed  for  bulk  material,  such  as  GaP  and  ZnTe,  at  higher  doping  levels  8,  but 
have  not  been  reported  for  the  2D  case.  This  behavior  has  been  explained  in  terms  of  pairing  and 
cluster  formation  and  simple  calculations  of  the  exciton  binding  energy  as  a  function  of  the  acceptor 
concentration  for  a  H2*like  acceptor  pair  have  been  presented  for  the  bulk  case  8. 


4.  DONOR  DOPED  QWs 
4.1.  LOW  DOPING 

Similarly  to  the  acceptor  doped  QW,  the  FE  and  donor  BE  dominate  the  PL  spectrum  for  moderately 
donor  doped  QWs.  However,  a  broadening  on  the  low  energy  ride  of  the  donor  BE  appears  already 
at  doping  levels  at  about  2- 10^  cm'2  (for  a  lOOA  wide.  Si  doped  QW).  This  broadening  is  likely  due 
to  the  FB  transition  involving  the  recombination  between  an  electron  from  the  Si  donor  and  a  hole 
from  the  valence  band.  With  the  objective  to  resolve  the  TET  peak,  we  have  tried  to  minimize  the 
intensity  of  the  FB  band,  since  it  easily  can  hide  the  weak  TET  features.  However,  it  appeared  to  be 
significantly  more  difficult  to  monitor  the  TET  peaks  of  the  donor  BE  than  the  corresponding  THTs 
in  acceptor  doped  QWs.  This  can  possibly  be  explained  by  the  tail  of  the  FB  transition  described 
above,  which  partly  overlaps  with  the  TET.  Also,  the  fact  that  the  donor  states  are  considerably  niore 
shallow  than  the  acceptor  states  means  that  the  extent  of  the  donor  wave  function  is  comparable  with 
or  larger  than  the  QW  width.  In  particular,  the  final  2s  state  of  the  donor  is  widel}^  spread  and  could 
be  significantly  perturbed  by  the  relatively  narrow  QW.  However,  .when  the  experimental  conditions 
were  opitimized  (corresponding  to  a  doping  level  of  MO*®  cm-2  in  the  central  20%  of  the  QW),  a 
weak  TET  feature  appeared  in  the  SPL  spectrum,  when  the  excitation  was  close  to  or  resonant  with 
the  donor  BE,  as  shown  in  Fig.  5.  The  energy  position  of  the  observed  TET  satellite  yields  a  value 
on  the  Is  -  2s  energy  separation  of  10.6  meV,  which  is  in  excellent  agreement  with  the  theoietical 
prediction,  10.6  meV  obtained  if  appropriate  values  on  the  effective  masses  and  dielectric  constants 
are  used,  i.e.  with  different  values  for  the  well  and  barrier  materials.  This  point  seems  to  be 
important,  since  a  significant  discrepancy  from  the  experimentally  determined  value  is  derived  (9.9 
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Fig.  5  SPL  spectra  for  a  lOOA  wide  Si  doped  Fig.  6  PLE  spectra  for  the  same  Si  doped  QW  as 

QW  with  excitation  close  to  or  resonant  with  used  in  Fig.  5 

the  BE  (at  1.5435  eV) 

meV),  if  the  same  values  on  the  effective  masses  and  dielectric  constants  are  used  for  the  two  media 

10, 

Similarly  to  the  acceptor  case  described  above,  the  interpretation  of  the  TET  satellites  has  been 
verified  by  PLE  measurements  on  the  same  sample.  When  the  TET  peak  is  resonantly  detected  (the 
upper  spectrum  in  Fig.  6),  the  donor  BE  appears  in  the  PLE  spectrum  in  addition  to  the  usual  FE 
related  peaks.  For  comparison,  a  reference  PLE  spectrum  with  a  non-resonant  detection  is  also 
shown  (the  lower  spectrum  in  Fig.  6),  in  which  the  BE  has  almost  disappeared. 

4.2.  HIGH  DOPING 

With  increasing  donor  concentration  in  the  QW  (at  about  210*^  cm-3  corresponding  to  a  sheet 
density  of  MOH  cm*2),  the  BE  peak  broadens  further  and  shifts  towards  lower  energies 
However,  in  the  case  of  donor  doped  QWs,  the  interpretation  of  the  spectra  is  not  straight  forward 
and  it  is  difficult  to  say  whether  this  downshift  has  the  same  origin  as  proposed  for  the  acceptor  case 
described  above,  i.e.  the  exciton  bound  at  interacting  neutral  donors.  Several  donor  related 
recombinations  are  expected  to  appear  at  approximately  die  same  energy  position:  The  FB  emission 
involving  a  free  hole  recombining  with  a  bound  Si  donor  electron,  the  exciton  bound  at  the  ionized  Si 
donor,  and  the  D'  related  emission. 

When  the  donor  concentration  is  further  increased,  the  intensity  of  the  exciton  peaks  decrease  first  in 
PL  and  at  at  higher  doping  levels  also  in  PLE.  Above  a  doping  level  of  about  cm’2,  all  exciton 
peaks  are  completely  quenched  in  both  PL  and  PLE.  Instead  an  emission  band  originating  from  a 
free  to  free  recombination  is  observed  in  addition  to  the  FB  emission  at  lower  energies.  These  bands 
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are  upshifted  in  energy  both  in  PL  and  PLE,  when  the  doping  level  is  further  increased,  due  to 
bandfilling  effects  (Ep  is  raised  in  the  first  electron  subband).  A  more  detailed  report  of  this  case  of 
degenerately  Si-doped  samples  will  be  published  separately 


ACKNOWLEDGEMENTS 

The  work  performed  at  University  of  California  at  Santa  Barbara  was  partially  supported  by  the  NSF 
Science  and  Technology  Center  for  Quantized  Electronic  Structures  (QUEST).  We  also  acknowledge 
the  Viktor  and  Ema  Hasselblad  Foundation  for  the  financial  support  of  the  solid  state  Titanium 
Sapphire  tunable  laser. 


REFERENCES 

1.  R.C.  Miller,  A.C.  Gossard,  W.T.  Tsang,  and  O.  Munteanu,  Solid  State  Commun.  42.  519 
(1982) 

2.  A.M.  White,  P.J.  Dean,  L.L.  Taylor,  R.  C.  Clarke,  D.J.  Ashen,  and  J.B.  Mullin,  J.  Physics 
C5. 1727  (1972) 

3.  P.O.  Holtz,  M.  Sundaram,  K.  Doughty,  J.L.  Merz,  and  A.C.  Gossard,  Phys.  Rev.  B40. 
12338  (1989) 

4.  B.  Monemar,  P.O.  Holtz,  J.P.  Bergman,  C.  I.  Harris,  H.  Kalt,  M.  Sundaram,  J.L.  Merz,  and 
A.C.  Gossard,  presented  at  the  Int.  Conference  on  Electronic  Properties  of  Two-Dimensional 
Systems,  Nara,  Japan,  July  1991 

5.  X.  Liu,  A.  Petrou,  B.D.  McCombe,  J.  Ralston,  and  G.  Wicks,  Phys.  Rev.  B38.  8522  (1988) 

6.  W.M.  Chen,  P.O.  Holtz,  B.  Monemar,  M.  Sundaram,  J.L.  Merz,  and  A.C.  Gossard,  Layered 
Structures  -  Heteroepitaxy,  Superlattices,  Strain  and  Metastability,  ed.  by  L.J.  Schowalter, 
F.H.  Poliak,  B.W.  Dodson,  and  J.E.  Cunningham,  Materials  Research  Society  Symposium 
Proceedings,  Boston,  MA,  USA,  1989 

7.  P.O.  Holtz,  M.  Sundaram,  J.L.  Merz,  and  A.C.  Gossard,  Phys.  Rev.  B4Q.  10021  (1989) 

8.  See  e.g.  E.  Molva  and  N.  Magnea,  Phys.  Stat.  Sol  (b)il!2, 475  (1980) 

9.  S.  Fraizzoli,  F.  Bassani,  and  R.  Buczko,  Phys.  Rev.  B41.  5096  (1990) 

10.,  M.  Stopa  and  S.  DasSarma,  Phys.  Rev.  MQ.  8466  (1989) 

11.  C.  I.  Harris,  B.  Monemar,  H.  Kalt,  and  K.  KOhler,  submitted  Phys.  Rev.  B 


Materials  Science  Forum  Vol.  83-87  (1992)  pp.  1381-1390 


SCANNING  TUNNELING  MICROSCOPY  STUDIES  OF 
SEMICONDUCTOR  SURFACE  DEFECTS 


J.  E.  Demuth 

IBM  Research  Division,  Thomas  Watson  Research  Center 
P.O.  Box  218,  Yorktown  Heights,  NY  10598 


ABSTRACT 

A  perspective  of  recent  scanning  tunneling  microscopy  (STM)  studies  is  presented  that 
reveals  the  wealth  of  intrinsic  and  extrinsic  defects  arising  on  semiconductor  surfaces. 
A  brief  review  is  given  of  the  principles  of  STM,  its  limitations  and  related  proximity 
probe  methods.  Specific  applications  considered  include  atum-resolvr.'  imaging, 
spectroscor  y,  cairier  dynamics  and  ESR  with  the  STM.  Intrinsic  defects  on  t-ieaved  and 
annealed  surfaces  of  Si  and  Ge,  cleaved  GaAs(IIO)  and  InSb(IIO),  MBE  grown 
GaAs(IOO)  and  epitaxial  Ge  on  Sl(111)  are  reviewed.  Transition  metal  impurities  found 
for  both  Si(IOO)  and  (111)  surfaces  as  well  as  electrically  active  defects  observed  by 
STM  on  oxidized  Si  surfaces  are  discussed. 


1.  Introduction 

In  order  to  understand  the  relation  of  surface  defects  to  the  well-established  field  of  bulk 
semiconductor  defects,  one  must  consider  the  current  measurement  capabilities  re¬ 
quired,  the  trends  in  semiconductor  technology  and  the  dovelopment  of  new  methods 
to  probe  surfaces.  An  outsider  can  characterize  the  study  of  defects  in  semiconductors 
as  a  field  which  has  focused  primarily  on  bulk  defects  which  can  be  well-characterized 
using  a  variety  of  solid  state  measurement  techniques.  This  field  has  also  considered 
non-bulk  defects,  such  as  arise  at  the  Important  Si/Si02  interface.  Such  interface  de¬ 
fects  have  been  more  complicated  to  study  due  to  their  lower  density  associated  with 
reduced  dimensionality.  For  most  bulk  defects,  and  particularly  for  interface  defects, 
the  overall  low  defect  densities  requires  highly  sensitive  measurement  methods  to¬ 
gether  with  methods  or  ways  to  produce  sufficient  defects  for  investigation.. 

Given  the  trend  in  semiconductor  device  technology  to  smaller  structures,  thinner  ac¬ 
tive  channels,  heterostructures  and  band  gap  engineered  materials,  defects  are  likely 
to  continue  to  play  an  important  role  /I/,  In  particular,  interfacial  defects  and  related 
defects  in  thin  layers  are  likely  to  occur  which  are  associated  with  stresses  or  the  sur¬ 
face  process  involved  in  the  fabrication  of  these  materials.  In  addition  to  the  possible 
technological  need  to  identify  and  understand  defects  in  these  new  materials  and  lay¬ 
ered  structures,  new  classes  of  defects  may  prevail.  Here  surfaces  and  interfaces  may 
enhance  the  generation  of  specific  bulk  defects  which  may  have  altered  properties  as¬ 
sociated  with  the  different  environment,  local  bonding  and  kinetics  at  surface  and 
interfaces.  Given  the  rich.iess  of  nature,  it  is  likely  that  many  i.iterestlng  defects  at 
surfaces  and  interfaces  will  arise.  Whether  we  can  detect,  characterize  or  relate  these 
to  important  properties  of  these  systems  remains  an  open  question. 
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New  opportunities  to  examine  and  study  defects  on  surface?  have  recently  arisen  with 
the  development  of  the  scanning  tunneling  microscope  (STM)  121.  This  technique  allows 
the  direct  imaging  and  interrogation  of  surface  defects  with  atomic  scale  resolution.  It 
is  fair  to  say  that  the  richness  of  surface  phenomena  unveiled  by  the  STM  has  already 
exceeded  early  expectations  and  has  markedly  altered  the  way  surface  scientists  en¬ 
vision  surfaces  /3/.  With  the  refinement  of  the  STM  together  with  the  extension  of  these 
atom-resolved  techniques,  further  opportunities  will  arise  to  understand  surface  de¬ 
fects.  Thus,  both  the  challenge  and  opportunity  to  study  surface  defects  exists,  even 
though  it  is  unclear  whether  surface  defects  will  play  a  significant  role  in  future  solid 
state  devices.  The  ability  to  observe  and  characterize  surface  defects  for  the  first  time 
is  intriguing  and  likely  holds  many  surprises. 

In  this  paper  I  will  briefly  summarize  some  of  the  recent  STM  studies  of  semiconductor 
surfaces  that  reveal  the  richness  of  surface  defects  and  provide  references  for  inter¬ 
ested  readers.  Where  possible  I  have  atterhpted  to  mention  surface  phenomena  which 
can  be  related  to  bulk  defects  and  their  properties.  A  cehtral  theme  of  these  dis¬ 
cussions  concerns  the  use  of  STM  to  investigate  and  understanding  surface  defects  to¬ 
gether  with  promising  new  STM  capabilities  such  as  ballistic  electron  emission 
microscopy  /4,6/,  spatially  resolved  carrier  dynamics  /6,7/  and  ESR  with  the  STM  /8/. 
This  paper  is  organized  as  follows;  section  2  introduces  the  STM,  its  capabilities  and 
limitations;  section  3,  intrinsic  surface  defects;  section  4,  transition  metal  impurities, 
section  5,  compound  semiconductors  and  section  6,  oxidized  silicon  surfaces  and  spin 
detection  with  the  STM. 

2,  STM  and  related  proximity  probes 

Scanning  tunneling  microscopy  (STM)  was  developed  by  Binnig  and  Rohrer  121  and  now 
has  numerous  related  methods  that  probe  surface  electronic  structure,  forces,  electrical 
potentials  and  chemical  potentials  with  varying  degrees  of  lateral  resolution.  In  STM  a 
fine  tip  is  raster  scanned  along  the  surface  by  piezoelectric  transducers  with  a  few  volts 
or  less  bias  between  the  tip  and  sample.  When  the  tip  Is  of  the  order  of  5  A  from  the 
surfaces,  tunneling  occurs,  and  the  measured  tunnel  current  can  be  stabilized  to  a 
constant  value  during  scanning  using  a  feedback  circuit.  The  feedback  error  signal  ex¬ 
tends  or  contracts  the  piezo  to  maintain  a  constant  overlap  of  the  tip-sample 
wavefunctions.  This  constant  current  topograph  obtained  reflects  a  contour  of  constant 
charge  density  of  the  surfaces  /9/.  The  sp  bonding  of  semiconductors,  the  localized 
nature  of  Si  dangling  bonds  and  their  extension  into  the  vacuum,  provide  rich 
topographic  features  in  atomic  scale  STM  images  of  semiconductors. 

For  semiconductors  bias  voltage  are  typically  a  few  eV  with  tunnel  currents  set  to  ~ 
1/nA  for  Si  and  a  factor  10  less  for  GaAs  and  other  compound  semiconductors  which 
degrade  at  higher  currents  /10,11/.  Since  the  bias  voltage  determines  which  occupied 
(or  empty)  electronic  states  of  the  semiconductors  are  sampled  when  tunneling  out  of 
(or  into)  the  semiconductor,  these  topographs  also  contain  spatial  information  about  the 
density  of  states  (DOS)  at  the  surface  /12/.  Measurement  of  i/V  curves  and  reduction 
to  normalized  conductance  (di/dv  /  I/V)  provides  spectra  which  closely  resembles  the 
surface  DOS  near  the  P  point  of  the  surface  Brlllouin  zone.  Such  spectra  can  be  ob¬ 
tained  by  momentarily  interrupting  the  feedback  loop  during  a  scan  /II/.  Differential 
images  at  different  energies  /15/  or  more  generally  atom  resolved  spectra  pixel  by  pixel 
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provide  spectroscopic  images  of  the  surface  electronic  structure  /16/.  Such  maps  pro¬ 
vide  a  way  to  identify  the  origin  of  new  surface  states  associated  with  particular  vacan¬ 
cies  /17/,  substitutional  defects  /18/  or  metaiilc  islands  /19/,  and  can  also  provide 
fundamental  insight  to  the  bonding  at  surfaces  /20/.  The  conduction  and  valence  band 
edges,  together  with  many  surface  states  lie  in  the  ±3eV  range  easily  accessed  by  the 
tip  single  bias.  Higher  tip-sample  bias  voltage  sense  image  states  /21/  and  can  also 
lead  to  tip  instabilities. 

One  of  the  underlying  problems  in  interpreting  STM  images  is  separating  the  positions 
of  atoms,  ie,  surface  geometry,  from  the  electron  density  contours.  In  many  cases  even 
general  knowledge  about  the  nature  of  the  electronic  states,  apriori,  greatly  simplifies 
interpreting  images.  For  example,  tunneling  out  of  the  valence  band  edge  or  into  the 
conduction  band  edge  of  cleaved  compound  semiconductors  allows  one  to  image  the 
anion  or  cation  derived  states.  The  observed  change  density  contours  can  be  related 
to  detailed  atom  positions  through  theoretical  calculations  /10/.  Generally  after  depo¬ 
sition  of  foreign  atoms  and/or  high  temperature  annealling,  semiconductor  surfaces 
become  greatly  rearranged  which  precludes  direct  theoretical  modeling.  STM  topog¬ 
raphies  and  spatially  resolved  spectroscopy  greatly  complement  classical  techniques 
by  defining  overall  local  periodic  structures  and  delineating  local  inhomogeneities.  The 
ability  of  the  STM  to  define  growth,  coverage  or  annealing  conditions  which  pt-oduce 
single,  well-defined  homogeneous  phases  has  proven  to  be  extremely  valuable  for 
other  quantitative  macroscopic  measurements  and  their  meaningful  analysis. 

While  the  STM  is  the  most  developed  and  widely  applied  of  the  proximital  probe  meth¬ 
ods,  several  others  have  been  developed.  These  rely  on  sensing  and  feeding  back  on 
local  forces  (atomic  force  microscopy,  AFM)  /23/,  local  thermal  conduction  /24/, 
capacitance  /25/,  electrical  726/  and  chemical  727/  potentials  or  current  injected  thru  the 
surface  layer  into  the  substrate  (ballistic  electron  emission  microscopy,  BEEM)  74,57.  In 
some  cases,  such  as  in  STM  spectroscopy,  the  feedback  control  Is  momentarily  or  pe¬ 
riodically  interrupted  so  that  some  other  quantities  can  be  measured.  AFM's  main  ad¬ 
vantage  is  for  use  on  insulating  samples  and  to  minimize  the  electronic  contributions 
to  tunneling  that  tend  to  dominate  tunneling  when  at  atomic  resolution.  Atomic  resol¬ 
ution  has  been  achieved  in  AFM  7287  but  does  not  appear  to  be  as  common  as  with 
STM.  Using  magnetic  tips  or  tips  with  spin  polarized  states  also  allow  magnetic  prop¬ 
erties  to  be  measured  7297.  BEEM  allows  the  homogeneity  and  electronic  structure  of 
buried  interfaces  to  be  determined,  but  lacks  atomic  resolution  due  to  defocusing  of  the 
injected  electron  beam  74,57.  Other  methods  such  as  capacitance  microscopy  725/  or 
thermal  microscopy  7247  require  larger  tips  for  sensing  and  have  not  yet  yielded  atomic 
resolution. 

3.  Intrinsic  semiconductor  surface  defects 

All  surfaces,  either  cleaved  or  thermally  annealed  are  defective  with  respect  to  the  bulk. 
The  way  the  surface  is  formed  determines  its  overall  perfection  and  the  new  surface 
structures  that  form.  Cleavage  along  a  lattice  plane  results  in  a  sheet  of  half  occupied, 
broken  bonds.  Given  the  higher  energy  to  maintain  these  dangling  bonds,  surface 
lattice  distortions  arise,  called  reconstruction  which  reconfigure  bond  charges  to  form 
pair  bonds  and  minimize  the  electronic  energy.  III-IV  and  ll-V  compound  semiconduc¬ 
tors  produce  flat,  idealized  cleavage  plans  along  (110)  directions.  The  atoms  on  these 
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surfaces  show  small  but  periodic  displacements  of  anions  and  cation  pairs  of  the  out¬ 
ermost  atoms  /10/.  Si  and  Ge  cleave  along  <  111  >  directions  and  produce  a  markedly 
different  bonding  configuration  forming  ^-bonded  chains  of  surface  atoms  /14/.  In 
these,  periodic  lattice  distortion  leads  to  new  double  spaced  superstructures.  The  most 
prevalent  defects  existing  on  cleaved  surfaces  are  due  to  the  occurrence  of  steps  and 
domains.  Giver  the  3  fold  symmetry  of  the  (111)  surface’-?,  three  possible  cleave  do¬ 
mains  can  form.  On  Si(111)  numerous  2x1  domain  bounciaries  and  atomic  steps  are 
observed.  Sample  quality  and  cieavage  techniques  appear  to  be  the  most  important  in 
altering  surface  domain  production  and  step  density  /10/. 

More  relevant  to  most  practical  semiconductor  surfaces  are  the  even  lower  energy 
equilibrium  reconstructions  which  arise  upon  high  temperature  annealing  at  elevated 
temperatures.  Si  and  Ge  reconstruct  to  form  7x7  and  2rS  superstructures  at  890°  and 
300°C,  respectively.  The  7x7  structure  consists  of  a  very  stable  arrangement  of  several 
complex  local  structures  including  ad-atoms  (Si  atoms  atop  3  fold  coordinated  surface 
silicon  atoms  which  otherwise  would  have  dangling  bonds).  Si  dimer  bonds,  several 
missing  Si  atoms  or  "corner  holes"  and  stacking  faults  arranged  within  the  top  two  Si 
bilayers  of  the  surface  /30/..  Since  this  superstructure  can  form  independently  at  differ¬ 
ent  locations  on  the  surface,  numerous  misfit  boundaries  between  different  domains 
arise.  These  boundaries  appear  to  be  sinks  for  impurity  atoms  and  also  serve  as  sites 
for  subsequent  nucleation  and  growth  /31/.  Recent  studies  of  the  transition  from  the  2x1 
to  7x7  reconstruction  reveals  defect  formation  in  the  surface  associated  with  the  re¬ 
moval  of  some  Si  atoms  to  form  the  higher  density  7x7  reconstruction  /32/.  Ge(111)  is 
remarkably  simpler  than  Si  and  reconstructs  to  form  ad-atoms  atop  the  surface  which 
order  approximately  every  second  lattice  position  but  predominately  form  a  2x8  super¬ 
structure  /33/.  Surface  domain  boundaries  tend  to  permeate  this  surface  due  to  the 
small  energy  differences  between  the  different  local  orderings  of  the  Ge  ad-atom.  The 
trade  off  in  local  strain  energies  and  the  reduction  in  electronic  energy  by  various  local 
bonding  configurations  can  readily  account  for  these  different  structures  /34/. 
Interestingly  epitaxial  Si  grown  on  Si(111)  7x7  at  lower  temperatures  can  assume  a  5x5 
reconstruction  analogous  to  the  7x7  structures  due  to  the  different  stress  at  lower 
growth  temperatures  /30/.  Local  stress  from  the  substrate  also  encourages  epitaxial 
Ge  to  grow  on  Si(111)  in  a  7x7  like  superstructure  initially,  a  5x5  at  higher  coverages 
and  then  revert  to  the  bulk-like  2x8  structure  for  thick  layers  /36/.  Steps  on  both  Si(111) 
7x7  and  Ge(111)  2x8  are  well-defined  and  have  reproducible  structures  /35/, 

Thermally  annealed  Si(IOO)  surfaces  show  a  simpler  form  of  reconstruction  where  Si 
atoms  on  each  layer  pairs  together  to  form  simple  dimers  which  form  double  spaced 
rows  along  the  surface  /37/.  The  dimerization  on  each  layer  rotates  by  90°  between 
layers  due  to  the  orthogonal  projection  of  the  tetrahedlal  bonds  along  each  (100)  layer. 
This  bond  rotation  produces  a  variety  of  step  terminations  and  interesting  epitaxial 
growth  habits  on  this  surface..  Antiphase  boundaries  are  only  observed  in  low  temper¬ 
ature  growth  of  Si  in  Si(IOO).  They  act  as  nucleation  sites  for  subsequent  layer  forma¬ 
tion  and  promote  multilayer  growth  instead  of  layer  by  layer  growth  /38/.  As 
subsequent  layers  grow,  the  initial  defects  on  the  starting  surface  remain  in  the  urider- 
lying  layers  with  improved  perfection  /37,38/  -  the  well  Known  regrowth  procedure  for 
MBE  growth  on  Si(IOO). 
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One  of  the  current  complications  in  understanding  surface  defects  of  thermal  annealed 
samples  is  distinguishing  intrinsic  surface  defects  from  extrinsic  defects.  Unfortunately, 
STM  lacks  a  quantitative  experimental  approach  to  Identify  elements.  As  sample 
cleaning  procedures  and  UHV  system  cleanliness  have  improved  over  time,  defect 
densities  have  become  reduced.  Some  extrinsic  defects  associated  with  dopants  and 
metal  impurities  have  been  identified  and  are  discussed  in  section  4.  Bulk  p-type 
dopants  have  also  been  invoked  to  explain  missing  atomic  features,  such  as  for  exam¬ 
ple  adatoms  on  Si(111)  7x7  surfaces,  since  when  substituted  for  Si  atoms  can  reduce 
valence  bond  charge  and  can  eliminate  expected  occupied  dangling  bonds  /39/. 
Studies  of  As  and  Sb  terminated  surfaces  confirm  these  general  ideas  of  conservation 
of  valence  bonding  and  electron  counting  /40/.  However,  details  of  local  strain  fields 
and  competing  lower  energy  structures  produce  alternate,  unexpected  new  structures 
and  arrangements  of  valence  bond  charge.  Several  point  defects  in  elemental  semi¬ 
conductors  have  shown  time  dependent  changes  in  atomic  positions  at  room  temper¬ 
ature,  ie.  atoms  hopping  between  two  bonding  positions  /41/.  In  contrast,  atoms  near 
steps  always  tend  to  be  stable.  Such  metastable  structures  may  also  be  induced  by  the 
local  fields  or  forces  associated  the  with  probe  tip.  STM  studies  at  temperatures  up  to 
300°C  have  revealed  atomic  motion  and  the  dynamic  nature  on  both  Si  and  Ge  surfaces, 
even  concerted  motions  of  islands  /42/! 

Electrical  properties  of  defects  on  the  technologically  important  Si(IOO)  surface  have 
been  studied  using  tunneling  spectroscopy  /3/.  Certain  defects  produce  asymetric 
charge  densities  on  Si  dimers  producing  alternating  buckled  dimers  /37/.  Pairs  of  half 
dimers  are  frequently  observed  and  produce  states  near  the  Fermi  level  /3/.  Carrier 
recombination  centers  have  been  deduced  by  measuring  the  induced  photovoltage  with 
the  STM  tip  on  different  defects  18,71  and  for  epitaxial  structures  on  the  (111)  surfaces 
/43/.  On  Si(IOO),  certain  arrangements  of  atoms  at  steps,  particular  terminations  of 
epitaxial  Si  islands  and  the  pairs  of  half  dimer  defects  provide  strongly  enhanced  sur¬ 
face  recombination  /44/. 

4.  Transition  metal  impurities 

Transition  metal  impurities  have  long  plagued  studies  of  thermally  annealed  elemental 
semiconductors  surfaces  with  small  impurity  ieveis  in  many  areas  producing  totally  new 
surface  reconstructions.  Nickel  from  stainless  steel  components  in  vacuum  systems  has 
produced  impurity  stabiiized  reconstruction  on  both  Si(111)  and  Si(IOO)  surfaces 
/45,46/.  The  presence  of  these  impurities  on  the  order  of  0.5  to  2%  have  been  deter¬ 
mined  with  other  chemically  sensitive  surface  methods  such  as  Auger  spectroscopy. 
On  Si(IOO)  this  Ni  impurity  manifests  itself  as  pairs  of  dimer  vacancies  which  at  higher 
concentrations  align  between  several  neighboring  rows  of  dimers  to  form  a  2x8 
periodicity  /45/,  On  Si{111)  a  new  arrangement  of  Si  atoms  is  observed,  in 

neither  case  are  Ni  atoms  believed  to  be  directly  observed  in  STM  since  the  Ni  s-states 
are  diffuse  and  have  a  low  DOS  while  the  Ni  d-states  are  too  special  contracted  to  be 
directly  involved  in  tunneling.  In  various  STM  studies  of  Si(111)  samples,  small  quan¬ 
tities  of  metal  impurities  frequently  appear  as  if  they  were  swept  out  of  the  local  7x7 
structures  after  annealling  to  produce  donut  shaped  structures  approximately  6  A  in 
diameter  at  or  near  7x7  domain  grain  boundaries.  Pd  Mo,  Ni  and  Co  impurities  all  ap¬ 
pear  to  produce  similar  donut  shaped  grain  boundary  impurities  /47,48/.  Pd  and  Mo 
impurities  not  only  get  concentrated  or  squeezed  into  the  boundaries  between  different 
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7x7  domains  but  also  get  pushed  into  the  inside  lower  terraces  of  stepped  sur¬ 

faces  147/. 

Recent  STM  studies  of  low  coverages  (0.02  monolayer)  of  cobalt  on  Si(111)  annealed  to 
600'’C  has  revealed  a  single  phase  of  these  disordered  donut  structures  all  centered 
over  similar  lattice  sites  748/.  Medium  energy,  ion  channeling  and  blocking  experiments 
on  this  same  system  has  revealed  the  location  of  the  cobalt  atoms  to  be  in  substitutional 
sites  with  six  silicon  atoms  atop  the  cobalt  and  bonded  to  adjacent  SI  atoms  748/. 
Interestingly  these-ring  like  structures  are  also  generally  observed  near  the  perifery  of 
Pd^Si  islands  formed  after  low  temperature  deposition  and  appear  to  be  involved  in 
surface  diffusion  of  Pd  at  lower  temperatures  747/. 

In  addition  to  this  novel  ring  structure  other  defects  are  observed  on  metalized  Si  sur¬ 
faces.  Different  epitaxial  silicides  grown  on  Si(111)  show  varying  degrees  of  perfection 
which  are  associated  with  local  stress  arising  from  lattice  mismatch.  Top  surfaces  of 
some  silicides  exhibit  large  numbers  of  missing  local  stress  arising  from  atom  defects 
7477  or  silicon  ad-atom  superstructures  depending  upon  coverage  and  temperature  7517. 
Lattice  defects  have  also  been  observed  and  characterized  for  several  non  transition 
metals.  Missing  atoms  as  weii  as  Si  substitutionai  defects  have  been  spectroscopicaliy 
characterized  for  the  V3x  73  Al  ad-layer  structure  on  Si(111)  7187.  These  silicon  atoms 
provide  an  extra  electron  and  produce  localized  states  near  the  Fermi  level. 

5.  Compound  semiconductors 

As  noted  earlier,  compound  semiconductors  produce  uniform  step  free  (110)  cleavage 
planes.  Local  defects  indicative  of  missing  atoms  arise  on  both  GaAs  and  In  Sb  (110) 
surfaces  711,517.  In  particular  excess  charge  and  its  local  redistribution  near  vacancies 
have  been  used  as  evidence  for  anion  vacancies  in  InSb(IIO)  while  larger  vacancies 
with  minimal  charge  redistribution  are  taken  as  Schottky  defects  7127.  The  most  dra¬ 
matic  manifestation  of  charge  redistribution  and  transfer  on  semiconductors  arises  for 
O  ad  atoms  on  GaAs  7517.  Bulk  dislocations  have  been  generated  in  compound  semi¬ 
conductors  by  straining  the  crystal  7537.  Examination  of  the  resulting  cleaved  surfaces 
shows  the  expected  structure  of  various  dislocations  at  the  surface.  Interestingly  no 
evidence  of  charging  at  these  GaAs  dislocations  have  been  observed.  Surface  dislo¬ 
cations  have  also  been  observed  on  epitaxial  Ge  on  Si(111)  7357.  A  network  of  dislo¬ 
cations  at  the  interface  of  thin  Ge  layers  on  Si(111)  is  visible  in  the  STM  topograph  of 
the  Ge  surface,  presumably  via  the  strain  arising  at  the  interface  7547. 

Recent  in-situ  STM  studies  of  MBE  grown  GaA8(100)  7557  have  revealed  highly 
imperfect,  irregular  structures  with  well  defined  subunits.  These  units  on  average 
combine  to  form  the  long  range  periodicities  seen  by  diffraction  methods. 

6.  Oxidized  silicon  surfaces 

UHV  oxidation  of  silicon  in  the  monolayer  regime  results  In  an  atomically  structurless 
undulating  surface  topography  even  starting  from  atomically  flat  Si(IOO)  surface  7567. 
The  small  spacings  between  Si-0  bonds  together  with  the  amorphous  nature  of 
SiO/SiO;  are  envoked  to  account  for  the  lack  of  atomic  features.  Despite  the  lack  of 
atomic  scale  features,  two  striking  electronic  properties  have  been  noted  in  STM  work 
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on  these  surfaces.  The  first  is  the  temporary  trapping  of  charge  within  the  oxide  layer 
at  specific  sites  /56,57/.  Here  the  coulomb  field  of  a  trapped  electron  blocks  tunneling 
and  markedly  reduces  the  tunnel  current.  After  a  milli  to  microsecond  the  electron  is 
released  and  the  tunnel  current  returns.  The  trapping  and  decay  rate  of  this  process  is 
usually  sufficiently  rapid  that  the  fluctuations  are  integrated  by  the  feedback  loop  and 
do  not  show  up  in  the  topographs.  Single  and  double  electron  traps  are  found,  and 
trapping  sites  observed  generally  clustered  together  in  different  regions  of  the  sample 
and  are  distributed  at  different  depths  in  the  oxide  layer  /56/.  The  second  property  is 
the  occurrence  of  RF  noise  at  special  atomic  locations  on  oxidized  Si(111)  /8/.  This 
property  is  attributed  to  the  precession  of  individual  paramagnetic  centers  in  the  ex¬ 
ternal  magnetic  field  which  modulates  the  tunneling  signal.  Given  the  significance  of 
detecting  individual  spins  with  STM  anci  the  wide  use  of  ESR  in  semiconductor  defect 
studies  we  discuss  this  phenomena  in  more  detail.  Such  spin  resolved  STM  may  also 
provide  additional  chemical  and  structural  information  than  currently  possible  with  STM 
alone. 

A  simple  classical  argument  suggests  that  the  local  magnetic  field  ~  1  A  away  from  an 
isolated  electron  spin  should  produce  a  Lorentz  force  on  the  tunneling  electrons  which 
is  comparable  to  their  electrostatic  field  and  thereby  deflect  the  tunneling  electrons. 
The  Larmor  precession  of  the  magnetic  dipole  arising  in  a  static  magnetic  field  will  then 
produce  a  modulation  in  the  tunnel  current  at  the  Larmor  frequency.  The  magnitude 
of  this  modulation  is  unknown  since  the  detailed  coupling  mechanism  between  the  spin 
and  tunneling  electron  is  certainly  more  complex  than  the  classical  argument  suggests. 
For  example,  indirect  magnetic  interactions  of  the  dipole  with  the  substrate  DOS  may 
arise  /58/  or  direct  spin-orbit  interactions  may  occur  /59/.  Another  important  point  that 
pervades  all  measurements  of  isolated  quantum  systems  is  that  the  tunneling  electrons 
perturb  and  change  the  quantum  state  of  the  system.  One  can  consider,  the  extra  RF 
impedance  at  the  Larmor  frequency  seen  in  our  tunneling  detector  to  be  quantum  me¬ 
chanically  derived  from  the  dephasing  process  or  excitations  between  the  tunneling 
electrons  and  the  local  spin. 

In  our  initial  experiments  the  RF  system  allowed  the  detection  of  a  0.25nA  RF  modu¬ 
lation  /8/.  One  of  the  difficulties  of  these  experiments  is  the  infrequency  of  observation 
of  these  RF  sources  on  the  surface.  The  overall  response  of  the  RF  noise  spectrum 
analyzer  was  relatively  slow  making  scanning  both  frequency  and  position  tedious. 
Recent  work  by  Welland  et.  al.  760/  has  improved  the  detection  sensitivity  by  adding  a 
modulation  coil  to  modulate  the  magnetic  field  and  has  used  lock-in  detection  tech¬ 
niques  to  increase  signal  to  noise.  This  work  also  formed  a  high  density  of  reproducible 
signals  by  depositing  large  organic  free  radical  molecules  on  surfaces. 

One  can  also  ask  why  free  spins  are  not  observed  on  other  semiconductor  surfaces. 
The  absence  of  STM  spin  precession  from  the  high  density  of  the  dangling  bonds  on 
clean  Si(111)  7x7  is  reasonable  given  the  fact  that  ultra-sensitive  ESR  studies  conclude 
that  these  dangling  bonds  are  too  strongly  interacting  with  one  another  to  be  observed 
/61/.  Similarly,  the  dangling  bond  defects  of  Si  In  the  3  x  V  3  Al/Si(111)  structure  is 
expected  to  produce  free  spins  718/  and  were  also  investigated  In  these  early  studies 
787.  The  absence  of  RF  signals  from  these  local  dangling  Si  bonds  can  again  be  attri¬ 
buted  by  their  high  density  which  allow  them  to  interact  with  one  another  which  pre¬ 
sumably  broadens  the  "signal'. 
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Given  the  magnetic  field  dependence  and  reproducibility  of  the  Larmor  signals  seen  on 
oxidized  silicon,  it  is  likely  that  the  signal  arises  from  a  paramagnetic  center  in  the 
oxide.  Several  possible  spin  centers  in  SiOi  interfaces  are  known  to  exist  -  most  notably 
the  Pb  center  /62/.  However,  the  occurrence  of  the  spin  signal  at  irregular  structures  in 
the  oxide  suggest  the  possibility  of  a  trapped  electron  or  superoxide  (O^)  species  in  a 
dislocation.  One  limitation  of  these  first  measurements  is  that  the  uncertainties  in  the 
magnetic  field  ( y2%)  were  sufficient  to  prevent  chemical  use  of  the  determined  g 
value.  Also,  the  high  local  electric  fields  of  the  tip  near  a  local  magnetic  moment  is 
expected  to  modify  the  determined  g-value.  Thus,  although  there  are  still  many  open 
issues  and  questions  about  probing  free  spins  with  the  STM,  the  potential  exists. 

7.  Conclusions 

Recent  advances  in  surface  science,  most  notably  the  development  and  use  of  the  STM, 
has  shown  the  large  variety  and  degree  of  defects  existing  at  semiconductor  surfaces. 
Many  analogies  to  bulk  defects  and  properties  for  vacancies,  anti-site  defects,  charge 
trapping,  meiastability,  and  transition  metal  impurities  at  surfaces  have  been  observed. 
As  the  STM  is  gradually  developed  and  improved  as  a  physical  probe  to  nteasure 
properties,  more  detailed  and  specific  information  about  such  defects  is  likely  to  be¬ 
come  available^  Initial  STM  worfc  to  probe  individual  paramagnetic  centers  in  semi¬ 
conductors  is  encouraging  but  primitive  with  many  improvements  still  possible. 
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THE  ATOMIC  AND  ELECTRONIC  STRUCTURE  OF  ORDERED  BURIED 
B(2xl)  LAYERS  IN  Si(lOO) 

M.  Needels,  M.  S.  Hybertsen,  and  M.  Schluter 
AT&T  Bell  Laboratories,  Murray  Hill.  NJ  07974,  USA 


ABSTRACT 

It  has  recently  been  demonstrated  that  one  half  monolayer  of  boron  forms  a  (2  x  1)  reconstruction 
on  the  Si(lOO)  surface  and  this  periodicity  is  preserved  after  subsequent  epitaxial  Si  overgrowth.  The 
atomic  geometry  and  electronic  band  structures  of  an  ideal  half  monolayer  of  substitutional  boron  are 
determined  by  first  principles  total  energy  calculations.  Two  predictions  are  made.  First,  the  Si  epi 
layer  is  displaced  -0.35A  with  respect  to  the  substrate.  Second,  the  hole  induced  by  each  boron  is 
distributed  across  three  distinct  deep  impurity  bands. 


1.  Introduction 

It  has  recently  been  found  in  semiconductors  that  the  symmetry  of  certain  ordered  adatom 
reconstructions  can  be  preserved  when  epitaxial  overlayers  are  grown  at  low  temperatures.* 
Consequently,  the  overgrowth  results  in  a  "8-doped"  buried  layer  of  impurity  atoms  with  a  high 
degree  of  lateral  translational  order.  We  study  here  the  system  of  boron  on  Si(l(X))  which  has 
recently  been  prepared  in  the  laboratory.  Low-T  (~3(X)*C)  Si  overgrowth  over  B  on  a  Si(lOO),  in 
contrast  to  Si(lll),^  surface  preserves  not  only  the  original  boron  order,  but  also  results  in  a 
crystalline  instead  of  an  amorphous  Si  overlayer.  This  sysiem  is  thus  a  good  candidate  for  producing 
eiectricallv-active  ordered  doping  layers  in  crystalline  silicon  with  the  potential  for  high  carrier 
mobility. 


2.  Calculational  Method 

We  have  performed  ab  initio  total  energy  calculations  of  substitutional  boron  both  in  the  Si(lOO)' 
(2x1)  surface  and  in  a  (100)-(2  x  1)  buried  layer  using  methods  described  elsewhere.'*  In  brief, 
the  calculations  are  done  within  the  Density  Functional  Theory  framework,  using  the  Local  Density 
Approximation  (LDA)  with  the  Perdew-Zunger  parameterization  of  the  Ceperley-Alder  electron  gas 
correlation  energy.  We  use  norm-conserving,  separable,  non-local  pseudopotentials,  optimized  for 
convergent  plane  wave  expansions.  The  cutoff  energy  for  the  plane  wave  expansion  is  20  Ry.  For 
the  Si(lOO)  surface,  we  use  a  slab  supercell  geometry  ten  layers  thick  and  hydrogen  terminated  on 
one  side.  For  the  buried  boron  layer,  we  use  a  supercell  twenty  atomic  layers  thick  in  the  (100) 
direction.  This  amounts  to  ~  9000  plane  waves  with  the  20  Ry  cutoff.  Eight  k-points  in  the 
irreducible  quarter  of  the  (2  x  1)  Brillouin  zone  are  used  to  construct  the  charge  density  and  45  k- 
points  are  used  to  compute  the  Fermi  surface.  The  self-consistent  LDA  equations  are  solved  using  on 
an  iterative  modified  Car-Parinello  scheme. 
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3.  Results  and  Discussion 

We  first  discuss  the  results  of  our  calculations  on  the  Si(lOO)  surface,  which  forms  a 
(2x1)  "dimer"  reconstruction.^  When  boron  is  deposited  on  the  on  this  surface,  a  new 
reconstruction  occurs  with  a  similar  (2x1)  pcribdicity.*  this  pattern  is  found  to  be 
stable  with  1/2  monolayer  boron  coverage  and  becomes  increasingly  disordered  at  higher 
coverages.  Using  this  information,  we  conduct  a  limited  search,  in  order  to  understand 
how  an  ordered,  buried  5-doped  laiyer  might  be  formed,  for  the  equilibrium  substitutional 
configuration  of  the  boron  (2x1)  covered  Si(lOO)  surface.  We  find  that  dimer 
formation  remains  favorable.  However,  some  sites  are  much  lower  in  energy  than  others. 
Figure  1  shows  a  side  view  of  the  Si(lOO)  surface  with  the  sites  where  we  considered  a 
substitutional  boron  atom  labelled  A-D.  We  find  the  sub-surface  position  B  to  be  0.11, 
0.65,  and  0.40  eV  lower  in  energy  than  sites,  A,  G,  and  D,  respectively.  We  thus  believe 
that  boron  occupies  a  subsurface  position  on  Si(lOO),  in  analogy  to  Si(lll).*  No 
experimental  data  are  available  yet  for  the  boron  position  on  the  Si(l(X))  surface.  Since 
we  find  position  A  only  slightly  higher  in  energy,  it  is  likely  that  an  experimentally 
prepared  surface  (30  sec  anneal  at  450°C)  contains  some  disordered  mixture  of  A  and  B 
positions.  Nevertheless,  high  quality  S-doped  buried  layers  are  more  likely  to  be  grown 
because  the  lowest  energy  position  for  the  substituitional  boron  atom  is  subsurface  in 
contrast  to  a  site  on  the  surface. 


Fig.  1  Sketch  of  the  structural  anangement  on 
Si(lOO)  (2  X  1).  The  top  figure  shows  a 
(2x1)  unit  cell  with  a  boron  acceptor 
Bohr-radius  superimposed.  The  bottom 
figure  shows  a  side  view  of  the  surface 
with  individual  atomic  sites  for  boron 
substitution  labelled  A-D. 
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We  now  discuss  the  buried  boron  layer,  beginning  with  the  geometric  structure.  For  our 
calculations,  we  assume  a  perfect  substitutional  (2x1)  pattern  for  a  half  monolayer  of 
boron  buried  in  crystalline  silicon,  but  allow  for  both  atomic  and  volumetric  relaxation. 
Consequently,  we  have  one  boron  atom  in  our  unit  cell.  This  model  of  the  buried  layer  is 
reasonable  for  the  following  reasons.  It  has  been  found  from  transmisrion  electron 
diffraction  and  from  grazing  incidence  x-ray  diffraction  that  an  epitaxial  layer  of  Si  can 
be  grown  at  300°C  on  this  surface  without  qu^itative  change  of  the  (2x1)  pattern.^ 
Segregation  studies  using  Auger  spectroscopy  indicate  that  at  least  50%  of  the  boron 
remains  in  the  original  ordered  layer.  Finally,  channeling  studies  suggest  substitutional 
boron  sites.^  Our  most  important  geometric  result  is  a  large  contraction  of  the  interlayer 
spacing  in  the  z-axis  direction.  Because  boron  has  a  covdent  radius  0.29  angstroms 
smaller  than  that  of  silicon,  we  expect  a  sizable  reduction  in  volume/atom  near  the  boron 
layer.  However,  the  (2x1)  symmetry  cohstrains  the  x-axis  and  y-axis  inter-layer 
spacings  to  remain  at  their  bulk  values  but  ^Ibws  the  z-axis  spacings  to  change.  We 
calculate  a  pgid  body  displacement  of  the  Si  layers,  upon  crossing  the  boron  layer,  of 
Az=-0.35A,  with  the  distortion  confined  to  two  to  three  layers  on  each  side.  Beatiijg 
patterns  seen  in  grazing  incidence  x-ray  scattering^  can  be  fit  with  Az=-0.45±0.1A, 
with  the  distortion  extending  over  fewer  than  4  layers  on  either  side,  which  is  in  excellent 
agreement  with  the  theoretical  predictions. 

Finally,  we  discuss  the  electronic  structure  of  the  boron  buried  layers.  Each  boron  atom 
in  the  6-doped  layer  adds  one  hole  to  the  valence  band.  A  top  view  of  this  layer  is  shown 
in  Figure  1.  llie  large  circle  shows  the  extent  of  the  Bohr  radius  of  the  hole 
wavefunction  in  the  effective  mass  approximation.  Because  of  the  large  overlap  between 
neighboring  boron  atoms,  we  expect  a  strong  interaction  between  their  electronic  states. 
Figure  2  |hows  the  z-axis  profile  (x-y  integrated)  of  the  hole  distributionj^  which  extends 
over  -7A  (F\^TIM).  This  result  is  in  rough  agreement  with  the  (9.4A)  width  of  an 
isolated  boron  effective  mass  impurity. 


Fig.  2  Calculated  hole  distribution  profile  along 
the  (100)  direction,  integrated  over  the 
(2x1)  unit  cell.  The  width  at  half 
maximum  is  comparable  to  that  of  an 
isolated  boron  impurity. 
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Because  the  wavefunctions  of  the  (2  x  1)  ordered  boron  atoms  overlap  strongly  in  the 
x-y  plane,  a  deep  level  2-D  impurity  bandstructure  results  instead  of  a  shallow  impurity 
level.  Furthermore,  the  anisotropic  crystal  field  (x^y^z)  splits  the  p-like  states  into 
three  bands  with  different  masses.  The  bandstructure  is  shown  in  Figure  3,  where  die 
Fetmi-energy  is  the  zero  of  energy.  As  usual,  the  projected  Si  bulk  bandstructure  is 
superimposed  onto  the  impurity  bandstructure.  The  Fermi-level  lies  slightly  above  the 
valence  band  maximum,  consistent  with  the  experimental  finding  that  100%  of  the  boron 
dopants  are  electrically  active.^ 


Fig.  3  Two-dimensional  bandstructure  of  Si(100} 

(2x1)  B.  The  boron  induced  impurity 
bands  ate  coded  according  to  their  Px 
(dashed  line),  Py  (dotted  line),  or  p^  (full 
line)  character.  Overlayed  is  the  projected 
Si  bulk  band-structure,  with  ^e  bulk 
conduction  band  rigidly  shifted  so  the  gap 
matches  the  experimental  value. 

It  is  instructive  to  further  analyze  the  impurity  bandstructure.  Figure  4  shows  charge 
density  contour  plots  of  p  holes  in  the  intUvidual  three  impurity  bands  (at  k  =  0).  The 
contours  indicate  p-like  Unctions,  strongly  localized  at  the  boron  atoms.  At  k  =  0  the 
crystal  field  places  the  pz  orbital  above  the  p,  orbital  (along  the  short  (2x1)  direction) 
and  the  Py  orbital,  which  are  nearly  degenerate.  As  expected,  the  dispersion  of  the  planar 
p  orbitals  is  stronger  along  the  orbital  direction  (a)  than  perpendicular  to  it  (tc).  Because 
of  the  strong  orbital  overlap  this  di.spersion  difference  is  approximately  independent  of 
short  or  long  (2x1)  direction.  The  bandstructure  in  Figure  3  is  coded  to  reflect  the 
orbital  character  and  band  crossings.  Keeping  in  mind  that  this  is  an  LDA  bandstructure, 
there  is  some  uncertainty  in  the  position  of  the  gap  states  with  respect  to  the  band  edges. 
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Fig.  4  Charge  dendty  contour  plots  of  hole  carrier 
distributions  arising  from  the  three  impurity 
bands  at  k  =  0  in  Figure  3. 


As  seen  from  Figure  3  the  Femd-level  crosses  all  three  impurity  bands  giving  rise  to 
three  separate  sheets  of  the  Fermi  surface  widi  varing  orbital  character  (see  Figure  S). 
There  exists  the  possibility  for  a  series  of  optical  intetband  transitiojis  in  the  0.5- 1.0  eV 
range.  Carriers  are  all  hole  like  and  strongly  confined  (within  -4A)  to  the  2D  dopant 
layer.  Their  effective  masses  in  the  x,  y  plane  are  very  anisotropic.  Along  the  dispersive 
c-diiections  the  px,  Py  masses  are  comparable  to  the  Si  light  hole  mass,  while  along  the 
n-direction  they  are  very  heavy.  The  p^  mass  is  more  isotropic  and  similar  to  the  Si 
heavy  hole  mass. 

We  are  currently  investigating  how  much  residual  boron  disorder  will  limit  electron 
mobilities.  The  confined  2D  nature  of  the  hole  wavefunction  strongly  samples  this 
disorder.  More  knowledge  about  the  disorder  will  help  to  understand  details  of  the 
impurity  scattering,*  and  hopefully  suggest  avenues  to  increase  mobilities  that  could  lead 
to  new  improved  senuconductor  devices. 
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Fig.  5  Shape  of  the  three  Fermi-surface  sheets  in 
the  (x-y)  plane  labelled  corresponding  to  the 
Px*  Py.  or  Pz  character  of  the  bands,  shown 
in  Figure  3. 
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ABSTRACT 

General  arguments  are  presented  which  tend  to  show  that  near  semiconductor 
surfaces,  adatom-substrate  bonds  are  likely  to  exhibit  negative  U  behavior.  A 
direct  simple  tight-binding  calculation  shows  that  it  would  be  notably  the  case 
of  gold  and  alkali  atoms  adsorbed  on  GaAs(llO).  This  explains  the  pairing  of 
adatoms  as  observed  .  in  STM  experiments.  The  calculated  ionization  levels  also 
are  in  good  agreement  with  the  experimental  values. 


1 .  Introduction 

A  controversy  stilx  exists  to  explain  the  formation  of  the  Schottky  barrier.  The 
defect  model  assumes  that  the  metal  Fermi  level  is  pinned  by  deep  levels  due  to 
defects  (for  example  antisites)  located  near  the  metal-semiconductor  interface. 
The  other  popular  model  assumes  that  the  Fermi  level  is  pinned  by  the  Metal 
Induced  Gap  States  close  to  a  so  called  ' Charge  neutrality  Level ' .  From  the 
experimental  point  of  view,  scanning  tunneling  microscopy  (STM)  experiments  give 
informations  not  only  on  the  atomic  structure  of  the  adsorbate  and  on  the 
adsorption  site  but  also  on  its  electronic  structure  [1~6].  The  STM  current 
versus  voltage  exhibits  two  peaks  respectively  close  to  the  conduction  and  the 
valence  bands  characteristic  of  the  adsorbate.  These  peaks  would  correspond  to 
positive  or  negative  ionization  of  the  adatom  depending  on  the  sign  of  the 
current  between  the  STM  tip  and  the  sample.  Photoemission  [7“9]  measurements 
show  the  same  picture  of  the  occupied  states  as  STM.  High  resolution  electron 
energy  loss  spectroscopy  has  also  been  used  to  get  the  excitation  spectrum  [10]. 

On  the  other  hand,  theoretical  calculations  have  tried  to  determine  the  stable 
adsorption  site  and  the  electronic  density  of  states  close  to  the  semiconductor 
band  gap  [11-15].  Due  to  the  odd  number  of  electrons  on  the  adatom,  the  theory 
predicts  that  the  Fermi  level  is  pinned  by  the  adatom-substrate  bonding  state  in 
a  high  density  of  states  energy  region.  This  has  never  been  obser>ved,  the 
surface  being  non  metallic  at  low  coverages  [1,7.9-10].  Pairs,  clusters  or 
chains  of  adatoms  are  also  observed  by  STM  which  tends  to  support  the  idea  of  an 
attractive  interaction  between  the  adatoms. 

In  the  first  section,  starting  from  the  hydrogen  molecule  we  show  that  a 
monovalent  atom  adsorbed  on  the  empty  Ga  dangling  bond  on  the  GaA8(110)  surface 
is  a  good  candidate  to  get  a  negative  U  center.  The  concept  of  negative  U  was 
first  introduced  at  a  general  level  by  Anderson  [l6]  and  was  obser^’ed  for  the 
vacancy  in  Silicon  [17-18].  Since  that  time,  it  has  been  commonly  accepted  for 
numerous  point  defects  in  semiconductors. 
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Then  in  the  following  section,  we  develop  a  simple  tight-binding  model  of  the 
adsorption  on  a  Ga  dangling  bond.  It  allows  to  calculate  the  bond  ionization 
energies  which  are  compared  to  the  STM  measurements.  Finally  we  discuss  some 
other  cases  where  the  same  effect  could  occur. 


2.  The  negative  U  center 

Let  us  consider  a  bond  between  two  atoms  like  it  occurs  in  molecular  hydrogen 
[19].  The  total  energy  of  the  bond  Ejgj(N)  is  a  function  of  the  number  N  of 
electrons  which  occupy  the  bond  and  which  can  be  equal  to  0,  1  or  2.  The 
ionization  level  ^{N+l.N)  is  defined  by 

€{N+1.N)  =  E,ot{N+l)  -  E^^,(N)  (1) 

which  obviously  is  equal  to  minus  the  ionization  energy  from  the  bond  in  state 
N-fl  to  state  N.  In  our  case  (N=0,  1  or  2)  two  levels  e(2.1)  and  6(1,0)  can  be 
defined  and  the  system  effective  U*  is  given  by 

U*  =  6(2,1)  -  6(1,0)  (2) 

The  U*  value  is  fixed  by  two  contributions.  The  first  one  is  the 
electron-electron  interaction  U,  which  only  exists  for  Ns2  and  is  positive.  This 
is  the  only  contribution  in  the  case  of  free  atoms.  For  covalent  bonds,  there  is 
an  other  contribution  due  to  the  fact  that  the  bond  strength  increases  with  N. 
This  adds  a  negative  term  to  U,  essentially  due  to  atomic  relaxation. 

To  show  the  cancellation  between  and  U, ,  let  us  consider  the  simplest  case  of 
the  hydrogen  molecule.  The  total  energy  E^^^(N)  of  the  molecule  as  a  function  of 
N  is 

E,„,(N=2)  =  2  E„  -  ^(Hj) 

E,„,(N=1)  =  E„  -  ^(HJ)  (3) 

Etot(N=0)  =  0 

where  Eg  is  the  total  energy  of  the  free  hydrogen  atom.  ^(Hj)  and  ^(Hj)  are 
the  binding  energies  of  the  molecule  H2  and  Hj  (respectively  equal  to  4.72  and 
2.78  eV) .  This  leads  to  an  experimental  value  U*  equal  to  0.84  eV  much  smaller 
than  the  electron-electron  interaction  U,  one  can  estimate  from  the  size  of  the 
molecule  to  be  larger  than  18  eV.  The  change  of  the  molecule  binding  energy  from 
N«1  to  N>2  is  also  accompanied  by  a  reduction  of  the  atomic  distance  from  O.IO6 
nm  to  0.074  nm  showing  the  increase  of  the  interatomic  bond  strength. 

For  defects  in  semiconductors,  both  U,  and  are  reduced  from  the  free  bond 
value:  by  a  factor  roughly  equal  to  the  material  dielectric  constant  and 

by  the  existence  of  elastic  restoring  forces  between  the  defect  and  the  crystal. 
The  result  is  that  can  be  smaller  or  larger  than  U,  leading  to  positive  or 
negative  U*  situations. 


According  to  the  preceedlng  arguments,  for  an  atom  adsorbed  on  a  semiconductor 
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surface,  the  electron-electron  repulsion  would  also  be  reduced  but  in  this 
case  by  the  semiconductor  dielectric  constEUit  near  the  surface  e,  which  is  in 
the  classical  limit  equal  to  {€*l)/2  .  On  the  other  hand,  the  adatom-substrate 
bond  has  one  free  end  and  there  will  be  no  reduction  of  the  relaxation  energy 
compared  to  the  free  bond.  Then  would  be  smaller  than  and  the  adatom  is  a 
good  canditate  for  a  negative  U*  center. 


3.  Tight-binding  model  of  the  adatom-substrate  bond 

To  check  the  validity  of  the  preceeding  conclusion  for  the  adatom,  we  have 
developed  a  molecular  model  for  the  adsorption  of  gold  or  alkali  atoms  on 
GaAs(llO)  [20].  We  consider  that  adsorption  occurs  "on  top  of  the  Qa  dangling 
bond"  which  gives  a  maximum  binding  energy  [l4]  in  our  model  cmd  which  is  also 
observed  by  STM[1,6].  We  use  a  nearest-nelghbors '  tight  binding  approximation  as 
described  in  [14].  Ibe  interactions  between  the  adatom  and  the  surface  are  taken 
from  Harrison's  law  [21].  The  Au  d  electrons  are  neglected  so  that  Au  adatoms 
are  treated  like  alkali  atoms.  Hie  Ga  atom  nearest  neighbor  of  an  adatom  is 
taken  at  its  unrelaxed  surface  position  whereas  all  the  others  surface  atoms  are 
assumed  to  stay  at  their  free  surface  relaxed  positions.  The  reason  for  this 
comes  from  the  fact  that  the  relaxation  of  surface  atcms  is  directly  related  to 
the  broken  bond  character  and  to  the  filling  of  the  dangling  bond  state  which 
are  modified  only  for  the  Ga  atoms  first  nearest  neighbors  of  the  adatoms.  Such 
a  result  has  been  recently  demonstrated  for  the  adsorption  of  Na  atoms  on 
QaAs(llO)  [15].  We  also  consider  that,  for  the  adsorption  in  the  neutral  state, 
the  adatom-Ga  bond  length  is  the  sum  of  both  atomic  radii.  This  generally  gives 
good  values  for  most  conventional  single  bonds. 


In  a  molecular  model,  we  only  consider  the  interaction  between  the  s  adatom 
state  and  an  isolated  sp3  dangling  bond.  The  corresponding  effective 
tight-binding  intreaction  between  these  two  states  is  adjusted  to  give  the  same 
levels  as  a  full  model  in  the  ceise  N=l.  The  s  state  level  depends  on  the 
orbital  occupancy  n  through  the  Coulomb  interaction  U, .  E^  is  determined  from 
the  free  atom  Hartree-Fock  value  E^p  [22]  by  adding  half  the  Coulomb  term  Ugp  to 
compensate  for  the  change  in  the  selfexchange  between  the  free  and  and  the 
adsorbed  atoms: 


V  .  e^ 

2  ‘  2(R^A) 


(n,  -  1) 


(4) 


♦  U.  n. 


where  U  also  takes  into  account  the  reduction  of  the  Intraatomic  Coulomb  term 
by  the  image  charge  potential  we  have  taken  here  in  the  limit  of  large  substrate 

dielectric  constant. 


The  dangling  bond  orbital  energy  E^  also  depends  of  its  electron  occupation 
which  is  equal  to  (N-n,) 


Ed  '  E,o  .  U,  (N-n,) 


(5) 
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where  is  the  dangling  bond  intraatomic  Coulomb  interaction  [23]  and  N  the 
bonding  state  occupancy  (N=0,1  or  2). 


In  the  molecular  model,  the  bonding  state  Eg  which  depends  on  the  electron 
occupation  N  is  given  by 

E  +E  —————— 

Eg(N)  =  v]  52  +  Pg  (6) 

where  0  is  the  effective  tight-binding  interaction  between  the  s  adatom  state 
and  the  sp^  dangling  bond.  It  depends  on  the  bond  occupancy  N  through  the 
interatomic  distance  Rj, 

Pn  =  Po  exp(-qR^)  (7) 

5^  is  simply  equal  to  (E,-Eg)/2.  A  repulsive  term  CQexp(-qRj,}  is  added  to  the 
bond  energy  to  account  for  the  short  range  interatomic  repulsion.  Then  in  order 
to  get  the  total  energy  we  must  substract  the  Coulomb  terms  counted 

twice  in  the  one-electron  energy 


E 


tot 


(N)  =  N 


(N-n,)2 

- r - ♦  Cq  exp(-pRg) 


(8) 


The  selfconsistent  solution  is  obtained  by  minimization  of  with  respect 
to  n^  keeping  N  and  R„  constant.  Then  the  equilibrium  distance  is  calculated  by 
minimization  with  respect  to  R„  .  One  generally  estimate  that  p  is  close  to  2q 
[24].  In  the  case  p*2q,  the  calculation  is  analytic  and  from  equations  (1)  and 
(2),  one  gets  [20]: 


U* 


1  - 


UdW. 


4  (  6f  ♦  3f  ) 


1  + 


4 


(9) 
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Let  us  first  remark  that  U*  is  always  smaller  than  U,  and  and  that  the 
experimental  value  (^1*7  eV)  is  then  incompatible  with  the  estimated  value  of 
(-0.6  eV  [23])- 

To  compare  with  the  preceeding  section,  let  us  consider  the  case  of  a  covalent 
bond  where 

% 

U*  =  ~  -  Pi  (10) 

The  contribution  U,  in  such  a  simple  model  is  simply  equal  to  half  the  free  atom 
value  U|,as  an  extra  electron  is  shared  by  the  two  atoms  of  the  bond.  One  can 
also  see  that  the  reduction  due  to  the  bond  relaxation  is  not  negligible  as 

it  is  equal  to  the  hopping  integral  p,  between  the  two  atoms  for  N-l. 

In  the  of  an  ionic  bond  as  a  gold  or  alkali  adatom  on  GaAs(llO),  U  is 


« Hull . . . I' 
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negative  provided  UjUj<4(5j+Pj )  .  The  dangling  bong  Coulomb  repulsion  is  small 

(~0.6  eV  [23])  as  which  is  of  the  order  of  1  eV.  As  is  close  to  1.2 

eV,  we  get  for  this  system  a  negative  U*  value  (~-0.6  eV) ,  a  conclusion  which 
holds  true  in  a  broad  range  of  values  of  the  parameters. 

4.  Comparison  with  experimental  results 

In  view  of  equation  (2),  a  negative  U*  value  means  that  the  levels  e(2,l)  and 
e(l,0)  occur  in  inverted  order.  In  other  words,  that  also  means  that  one  gets 


E,„,(N=0)  +  E,„,(N=2)  <  2  E,„,{N«1)  (11) 

which  means  that  for  a  globally  neutral  interface  the  stable  situation 
corresponds  to  an  equal  number  of  positively  (H-O)  and  negatively  (N=2)  charged 
adatom-Ga  bonds.  This  will  clearly  favor  the  formation  of  pairs  of  bonds  in 
opposite  charge  states  in  view  of  their  electrostatic  interaction  equal  to  minus 
e^/e,d  where  d  is  the  Interbond  distance  and  e,  the  surface  dielectric  constant. 
The  total  energy  of  such  a  pair  containing  two  electrons  (two  in  a  bond,  zero  in 
the  other)  is 


Ep{N“2)  .  E,,^(N=2)  ♦  E,„,(N=0) 


(12) 


which  represents  the  basic  stable  entity.  For  such  a  pair  the  energy  levels 
correspond  to  ionization  of  either  one  electron  or  one  hole.  The  corresponding 
total  energies  Ep(N=3)  and  Ep(N=l)  are  respectively  equal  to  E^^^ (N»2)+Ej^( (N«l) 
and  Ej^j(N*l)'*-E^gj(N=0)  with  no  electrostatic  contribution  since  one  of  the 
member  of  the  pair  (with  N=l)  is  neutral.  The  corresponding  ionization  levels  of 
the  pair  are 

€p(3.2)  =  €(1,0)  ♦  ~  (13) 

p  €,d 

ep(2.1)  =€(2.1) 


Their  energy  distance  is  equal  to 


is  negative.  A  reasonable  value  of  d  can  be 
With  €,  close  to  7.  this  gives  e*/€,d^.4  eV. 
levels  comes  out  to  be  1.4  eV  in  our  model. 


i.e.  in  the  nonaal  order  since  tl* 

estimated  of  the  order  of  10  a.u. 
Thus  the  distance  between  the  two 


This  prediction  of  these  ionization  levels  at  E^-O.l  eV  and  E^  -0.4  eV 
corresponds  quite  well  to  the  peaks  observed  by  SIM  which  are  located  at  E^-0.5 
eV  and  E^'0.7  eV  for  Au  adatoms  [1].  For  Cs  adsorbed  on  GaAs(liO),  the  bond  with 
the  Ga  atom  is  more  ionic.  We  find  the  ionization  levels  equal  to  E^'»0.3  eV  and 
E^,+0.5eV  whereas  the  experimental  values  are  Ej.*0.2  eV  and  E^»0.25  eV  C6"7]. 
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5.  Conclusion 

We  have  developped  a  siaple  tight-binding  model  to  study  the  relaxation  of  the 
bond  between  a  aonovalent  atom  adsorbed  on  GaAs(llO).  In  agreement  with  siq>le 
arguments  deduced  from  molecular  hydrogen,  we  have  found  that  such  a  system  is  a 
negative  U  center.  The  present  results  should  be  applicable  to  other  situations 
with  unfilled  bonding  states.  This  would  also  be  the  case  for  exai^le  of 
aonovalent  adatoms  on  GaAs(lll)  Qa  terminated  surface.  Due  to  Qa  vacancies  in 
the  surface  plane,  the  electronic  structure  of  this  surface  is  quite  similar  to 
the  GaAs(llO)  one  with  a  full  As  derived  dangling  bond  state  and  an  e^>ty  Qa 
one.  If  gold  or  alkali  atoms  are  adsorbed  on  the  Ga  dangli-sg  bonds,  one  would 
also  get  negative  U  centers  for  this  system. 
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AB  INITIO  CALCULATIONS  ON  EFFECT  OF  Ga-S  BONDS 
ON  PASSIVATION  OF  GaAs  SURFACE 
-A  PROPOSAL  FOR  NEW  SURFACE  TREATMENT 

TAKAIIISA  OllNO  AND  KAZUMl  WADA 

NTT  LSI  Laboratories,  3-1,  Morinosato  Wdcamiya,  Aisugi-shi,  Kanagawa243-0I,  Jetton 


ABSTRACT 

In  onlo’  to  elucidate  the  passivating  eflects  of  the  sulfide  solution  treatment  on  GaAs  sucfaces,  we 
have  investigated  the  structural  and  electronic  properties  of  the  sulfur-adsorbed  GaAs  surfaces  by 
using  the  dbrntiio  pseudopoieniial  method.  The  opthnal  adsorption  site  of  sulfur  atoms  is  determined. 
andGa— S  bonds  are  fourid  to  be  stably  formed  on  the  sidfur-tieaied  GaAs  surface^  We  have  drown 
that  the  stable  Ga—S  bonds  remarkably  reduce  the  surface  Male  dennty  in  the  GaAs  midg^  tegkm 
and  shift  the  Fermi  level  toward  the  valence  band  maximum  of  GaAs.  The  sulfur  passivation  of 
GaAs  surfaces  can  be  explained  quite  well  in  terms  of  the  formatioo  of  Ga— S  bond  on  the 
sulfur-treated  surface,  without  introducing  any  disorder  or  defect  near  At  surface.  Based  on  the 
calculated  results,  we  propose  a  new  sut^surface  structure  udiich  can  passivate  GaAs  surfaces 
more  effectively  than  the  sulfur  treatment  aiooe.  In  our  hew  structures,  atomic  layers  of  other 
semiconductor  with  lower  valence-band-maximum  are  dqxMiied  on  GaAs  surface  before  the  sulfur 
treatment,  which  can  be  experimentally  achieved  by  the  atomic  Iqrer  passtvmioo  (AU*)  technique. 
It  is  shown  that  the  proposed  structures  further  improve  the  surface  deciionic  properties  of  GaAs 
because  of  the  band  discontinuity  at  semiconductor  interfaces  as  well  as  the  III-^  bond  formation. 


I.  Iniroduclion 

The  development  of  GaAs  technology  has  been  impeded  doe  to  the  poor  ekctronic  properties  of 
GaAs  surfaces  characterized  by  a  high  density  of  surface  stales.  Recendv.  sidfide  sohition  treaimerus 
have  been  reported  to  effectively  improve  GaAs  surface  properties.  ”  The  dqrosition  of  a  thin 
NajS  film  onto  the  GaAs(001)  surface  can  enhance  the  phoioiuroinesceiice  (PL)  intensity  relative 
to  the  untreated  surface.'  The  (NH«)^,  treabnent  ben^ts  the  performance  of  aunority-ourier 
devices  sensitive  to  surface  recombination,  sudi  as  beterojunction  bqmlar  transisior.  Coi^iaUe 
Schottky  barrier  heights  ate  achieved  on  the  (NH^t^  treated  GaAs(OOI)  surface.*  The  sulfur 
treatmenis  have  been  shown  to  passivate  not  only  ite  GaAs(001)  surface  but  die  (llOj)  and  (111) 
surfaces  as  well.*^  These  experiments  have  revmded  that  the  sulfur  ireaiments  drastically  lethice 
the  surface  sute  density  of  GaAs.  Conventional  explanation  of  this  drastic  reduction  is  based  on 
the  assumption  that  the  sulfur  trcaiment  reduces  the  number  of  roldgap  As  andsiie  ddect  states. 
This  assumption,  however,  has  not  been  justified  yet 

In  this  paper,  we  present  a  first-principles  study  of  the  stroctwal  and  demronic  properties  of  both 
Ga-  and  As-terminated  GaAs(001)-(lxl)  surfaces  adsorbed  with  a  mondayer  of  s^ur  atom.  We 
have  derermined  the  optimal  adsorption  site  of  S  atoms  by  minimizing  the  total  ene^,  and  Ireve 
evaluated  die  surface  electronic  structure  for  the  resulting  optimal  adsorption  cordlgnratkms.  The 
mechanism  of  sulfur  pareivation  of  die  (foAs  surface  is  explaiaed  m  terms  of  the  bond 

termination  by  S  Moms.  Hnally,  we  propose  a  new  method  of  surface  pareivation  in  which  we 
make  use  of  the  111-$  bond  formation  on  surfaces  and  the  band  discontinuity  at  semiconductor 
interfaces. 


2.  Melliod  of  calculations 

We  have  performed  the  first-princi|des  total  ener^  calculations  based  on  die  deireity  functiond 
formalism.  Semirelaiivistic  norm-conserving  nonlocal  pseudopotentials  and  a  momeiuum-qiace 


1404 


ICDS-16 


formalism  were  employed.*  The  wave  functions  are  expanded  in  a  plane-wave  basis  set  with  a 
kinetic-energy  cutoff  of  7.29  Ry.  Slater's  Xa  fotinalism  is  adopted  for  the  exchange  and  correlation 
energy  in  the  local  density  approximation.  Parameter  a  is  fixed  to  be  0.7. 


The  surface  is  simulated  by  a  slab  geometry.  The 
unit  supcrceli  for  the  GaAs(OOl)  surface  contains 
four  GaAs  layers  (i.e.,  eight  atomic  layers)  plus 
a  vacuum  region  equivalent  to  about  four  GaAs 
layers  in  thickness.  Tlte  slab  of  four  GaAs-layers 
exposes  a  different  surface  on  each  side,  namely 
the  Ga-  and  As-terminated  surfaces.  This  polar 
character  of  the  GaAs(OOl)  surface  introduces 
some  complications  to  the  slab  calculations.  One 
problem  is  an  artificial  charge  transfer  from  one 
surface  of  the  slab  to  the  other.  This  is  because 
the  surface  states  of  cation  dangling  bonds  are 
located  above  those  of  anion  dangling  bonds. 
Another  problem  is  the  interaction  between  the 
two  surface  states  through  the  slab.  To  avoid  the 
artificial  charge  transfer  and  to  decouple  the  two 
surfaces  of  the  slab,  we  terminate  the  one  surface 
of  no  interest  by  fictitious  H  atoms.  When  we  are 
interested  in  tiie  Ga-terminated  surface,  for 
example,  we  place  two  fictitious  H  atoms  with 
0.75  nuclear  and  0.75  electronic  charges  on  each 
surface  As  atom  at  the  other  side  of  the  slab, 
which  has  two  dangling  bonds  containing  1.25 
electrons.  When  the  length  of  the  As— H  bond  is 
properly  given,  the  fictitious  H  atom  forms  a 
completely  filled  bonding  state  together  with  the 
As  dangling  bond  and  prevents  the  charge  minsfer 
from  the  other  surface  of  the  slab.  The  surface 
states  associated  with  the  As  atoms  energetically 
leave  Uie  band  gup  tegion  due  to  die  bond  formation 
with  the  H  atoms.  As  a  result,  only  the  surface 
states  associated  with  the  Ga  atoms  remain  in  the 
band  gap  region.  When  the  As-terminated  surface 
is  investigated,  fictitious  H  atoms  with  1.25 
electrons  are  deposited  to  terminate  the  surface 
Ga  atoms  on  tlie  other  side  of  die  slab.  The  pseudo- 
potentials  of  the  fictitious  H  atoms  with  0.75  (or 
1.25)  electrons  are  obtained  by  multiplying  that 
of  a  normal  H  atom  by  0.75  (  or  1.25).  Fig.l 
presents  the  slab  model  for  describing  the  Ga- 
terminated  GaAs(001)  surface  adsorbed  by  a  S 
monolayer,  lliis  method  is  analogous  to  what  was 
done  for  the  GaAs((X)l)  surface  by  Qian  et  al,^ 


unit  cell 
r - 1 


•  :  S 
O:  Ga 

•  :  As 
o  :  H 


Fig.l.  Slab  geometry  for  the  Ga-terminated 
G^s(OOl)  surface  adsorbed  with  a  S  mono- 
layer.  Fictitious  H  atoms  with  0.75  electrons 
are  deposited  on  the  surface  As  atoms. 


Adsorption  Height-  (A) 


3.  Adsorption  of  sulfur  atoms 

First,  we  address  the  optimal  adsorption  geome¬ 
tries  of  sulfur  atoms  on  the  GaAs(()01)  surface.’ 
We  take  into  account  four  possible  adsorption 
sites,  i.e.,  the  bridge  site,  on-top  site,  anti-bridge 
site  and  hollow  site.  The  calculated  total  energies 


Fig.2.  Calculated  total  energies  of  the  S- 
adsorbed  Ga-terminated  GaAs(001)-(lxl) 
surfaces  as  a  function  of  the  S  adsorption 
height.  Four  possible  adsorption  sites  are 
considered.  Total  energies  are  measured 
relative  to  the  energy  in  case  the  S  atoms 
are  far  away  from  the  surface. 
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of  llic  S-adsorbcd  Ga-terminated  GaAs(001)-(lxl)  surfaces  arc  plotted  in  Fig.2  as  a  function  of  the 
vertical  distance  between  the  S  and  Ga  atomic  layers.  In  these  calculations  the  Ga  and  As  atoms 
are  fixed  in  bulk  lattice  positions.  It  is  shown  from  Fig.2  that  the  bridge  site  is  the  most  stable 
adsorption  site  and  the  on*top  site  is  the  second  stablest  position.  The  anti-bridge  and  hollow  sites 
are  found  to  be  energetically  very  unfavourable  compared  with  the  bridge  and  on-top  sites.  The 
adsorption  energy  of  a  S  atom  at  tiie  bridge  site  is  calculated  to  be  S.6  eV,  which  is  larger  by  1.2 
eV  than  at  the  on-top  site.  This  difference  in  adsorption  energy  stems  from  the  fact  that  a  S  atom  is 
bonded  to  two  Ga  atoms  in  the  bridge  site,  while  it  is  bonded  to  only  one  Ga  atom  in  the  on-top 
site.  For  the  As-tenninated  surface,  S  atoms  also  adsorb  most  stably  on  the  bridge  site,  and  the 
adsorption  energy  of  a  S  atom  is  larger  by  0.8  eV  at  the  bridge  position  than  at  the  on-top  position. 
Furthermore,  in  tlie  optimal  bridge  configurations,  the  S  adsorption  energy  on  the  ns-terminated 
surface  is  found  to  be  smaller  by  1.3  eV  than  that  on  the  Ga-terminated  sutface.  That  is,  the  As— 5 
bond  is  weak  compared  to  the  Ga— S  bond.  As  mentioned  below,  the  As— S  bond  contains  2.25 
electrons  while  tlie  Ga— S  bond  has  2.0  electrons.  The  excess  elecyons  weaken  the  As— S  bond  by 
occupying  an  antibonding  state.  The  weak  As— S  bonds  are  consistent  with  the  recent  experimental 
results  for  the  (NH^IjS.-treatcd  GaAs(OOl),  (11  l)Ga  and  (1 1  l)As  surfaces.^ 

3-1.  Effect  of  Ga— S  bonds 


In  Fig.3(a)  we  present  the  surface  electronic  structure  of  the  Ga-terminated  GaAs(001)-(lxl) 
surface  with  a  S  monolayer  adsorbed  in  the  energy-optimized  bridge  configuration.  There  are  two 
surface  state  bands  (the  D1  and  D2  bands)  near  the  valence-band  maximum  (VBM)  of  GaAs. 
These  two  bands  ore  associated  with  the  S  dangling  bonds,  as  shown  from  the  calculated  charge-density 
contours  in  Fig.3(b).  This  surface  electronic  structure  can  be  explained  by  using  a  simple  tight-binding 
picture.  On  the  ideal  Ga-terminated  GaAs((X)l)  surface,  surface  states  are  present  at  the  midgap 
region,  which  originate  from  the  Ga  dangling  bonds.  By  the  bridge-site  adsorption  of  S  atoms 
onthis  Ga-terminated  surface,  a  bonding  and  an  antibonding  state  are  formed  between  the  Ga 
dangling  bond  and  the  S-sp’  orbitals.  The  bonding  state,  which  is  the  Ga— S  covalent  bond,  lies 
widiin  the  GaAs  valence  bands  and  is  completely  filled.  The  antibonding  state  is  located  within 
the  GaAs  conduction  bands  and  empty.  The  fonnation  of  Ga— S  bond  leaves  each  surface  S  atom 
two  dangling  bonds  containing  1.75  electrons.  These  S  dangling  bonds  generate  the  surface  state 
D1  and  D2  bands,  which  is  located  near  the  VBM  of  GaAs,  much  lower  in  energy  than  those  of  the 
Ga-terminated  surface,  because  the  S  potential  is  much  deeper  than  the  Ga  potential. 


Fig.3(a).  Calculated  electronic  structure  of 
the  Ga-teniiinalcd  GaAs(001)-(lxl)  surface 
with  a  S  monolayer  adsorbed  on  the  optimal 
bridge  position.  The  surface  state  D1  and  D2 
bands  originate  from  the  S  dangling  bonds. 


Fig.3(b).  Charge  density  contour  plots  of  the 
D1  and  D2  states  at  the  M  point  for  the  S-ad- 
sorbed  Ga-terminated  GaAs(()01)-(lxl)  sur¬ 
face.  The  plot  for  the  D1  state  is  in  a  (110) 
plane  including  the  Ga-S  bonds,  and  the  plot 
for  the  D2  state  in  a  (- 1 10)  plane  including  no 
Ga-S  bonds. 
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In  tills  wny,  the  adsorption  of  a  sulfur  monolayer  on  the  Ga-terminaled  GaAs(OOl)  surface  replaces 
the  niidgap  Ga-related  surface  states  with  the  S-related  surface  states  near  the  VBM,  resulting  in 
the  shift  of  the  Fermi  level  toward  the  VBM.  The  Fermi  level  shift  is  consistent  with  the  experiments 
showing  that  the  band  bending  for  the  unpassivated  n-type  GaAs  surface  is  increased  after  sulfur 
treatments.'  'I'he  deep  level  transient  spectroscopy  (DLTS)  measurement  has  shown  that  the  midgap 
level  in  as-grown  GaAs(001)  samples  is  greatly  reduced  after  sulfur  treatments,  while  the  level 
near  the  VBM  remains  with  a  high  density.'  The  calculated  surface  state  bands  are  also  in 
agreement  with  this  experiment.  The  surface  states  near  the  VBM  will  be  inefficient  recombination 
centers  due  to  their  high  thermal  emission  probability."  Thus,  the  surface  recombination  velocity 
will  be  drastically  reduced  after  the  sulfur  adsorption. 

The  fact  that  the  S  dangling  bonds  are  not  completely  occupied  indicates  that  possibility  of  a  dimer 
formation  of  S  atoms  in  the  bridge  position.  Actually,  the  total  energy  calculations  have  shown 
that  the  surface  S  atoms  can  be  dimerized  at  the  S-adsorbed  Ga-terminated  GaAs(001)  surface. 
The  reduction  in  the  S— S  bond  length,  however,  is  much  smaller  than  that  of  the  Ga— Ga  dimer  at 
the  Ga-tenninated  surface.  Furthermore,  the  S— S  dimer  formation  energy  of  0.13  eV  is  one  order 
of  magnitude  smaller  than  that  of  1.70  eV  for  the  Ga— Ga  dimerization.  This  i.s^because  the  S 
dangling  bond  is  not  completely  but  nearly  fully  occupied.  The  S— S  dimer  formation  is  consistent 
with  the  observed  (2x1)  structure  of  the  S-adsorbed  GaAs(OOl)  surface.'  We  have  found  that  the 
weak  dimers  of  S  atoms  do  not  significantly  affect  the  surface  electronic  structure.  In  addition,  the 
nearly  filled  S  dangling  bonds  indicate  that  the  S-treated  surface  is  resistant  to  contamination. 


3-2.  Effect  of  As-S  bonds 

The  surface  electronic  structure  of  the  As-termi¬ 
nated  GaAs((X)l)-(lxI)  surface  adsorbed  with  a  S 
monolayer  in  the  energy-optimized  bridge 
configuration  is  presented  in  Fig.4(a).  The  surface 
state  D1  and  D2  bands,  which  originate  from  the 
S-sp'  orbitals,  are  both  completeij  filled.  That  is, 
the  S  dangling  bonds  are  fully  occupied  at  this 
surface.  This  indicates  that  no  driving  force  toward 
dimerization  exists  on  this  surface,  which  is 
confirmed  by  the  total  energy  calculations.  The 
most  striking  feature  of  this  electronic  structure  is 
the  appearance  of  a  surface  A  band  besides  the 
D1  iuid  D2  bands.  The  A  band  has  a  large  dispersion 
nearly  crossing  the  GaAs  energy  gap,  and  is 
occupied  with  U.5  electrons.  It  is  shown  that  the 
A  band  is  the  As— S  antibonding  state,  from  the 
charge  density  contour  plot  in  Fig.4(b).  For  the 
S-adsorbed  Ga-terminated  surface,  the  Ga— S 
antibonding  state  is  located  within  the  GaAs 
conduction  bands,  and  can  hardly  be  distinguished 
from  other  states  due  to  resonance.  This  is  due  to 
the  Ga  dangling  bond  lying  above  the  As  dangling 
bond.  Because  of  the  A  band  as  well  as  the  D2 
band,  the  surface  state  density  of  the  As-tenninated 
GaAs((X)I)  surface  is  not  reduced  in  the  midgap 
region  by  the  adsorption  of  a  S  monolayer.  This 
means  that  tlie  surface  recombination  velocity  will 
not  be  reduced  at  the  As-terminated  surface.  It 
should  be  noted  that  the  S  adsorption  has  quite 
different  effects  on  the  Ga-  and  As-  terminated 
GaAs  surfaces. 


Fig.4(a).  Calculated  electronic  structure  of 
the  As -terminated  GaAs(001)-(lxl)  surface 
with  a  S  monolayer  adsorbed  on  the  opti¬ 
mal  bridge  position.  The  surface  state  Dl 
andp2  bands  originate  from  the  S  dangling 
bonds.  The  A  band  is  the  As-S  antibonding 
state. 


Fig.4(b).  Charge  density  contour  plot  of 
the  A  state  at  the  r  point  for  the  S-ad¬ 
sorbed  As-terminated  GaAs(00I)-(lxl) 
surface.  The  plot  is  in  a  (110)  plane  in¬ 
cluding  the  As-S  bonds. 
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We  imve  found  (hat  the  formation  of  stable  Ga— S  bonds  remarkably  reducen  the  midgap  surface 
state  density  on  the  GaAs(l  11)  surface  as  well  as  on  the  (001)  surface.  Furthermore,  the  adsorption 
of  other  chalcogen  atoms(Se  and  Te)  is  found  to  exhibit  the  passivating  effect  similar  to  the  S 
adsorption."  Spindt  et  ai  have  discussed  the  sulfur  passivation  in  terms  of  the  antisite  defect 
model  of  GaAs  interface  states.'^  Within  their  model,  it  has  been  postulated  that  the  sulfur  treatment 
reduces  the  number  of  the  As  antisite  defects,  which  results  in  the  improvement  in  surface  electronic 
properties.  The  mechanism  of  the  reduction  in  the  number  of  As  antisites,  however,  has  not  been 
clearly  presented.  We  have  shown  in  this  paper  that  the  passivating  effect  of  sulfur  treatment  can 
be  quite  well  explained  in  terms  of  the  formation  of  the  stable  Ga— S  bond  at  the  treated  surface 
and  the  resultant  dangling  bond  termination  by  S  atoms,  without  introducing  any  unclear  defects  or 
disorder  near  (lie  surface.  These  results  also  suggest  that  the  dangling  bond  at  the  surface  is  a  more 
reliable  candidate  for  the  origin  of  the  GaAs  surface  states,  than  the  defect  state  near  the  surface. 


4.  New  method  of  surface  passivation 

Although  the  midgap  surface  states  disappears,  the  sulfur  treatment  can't  totally  eliminate  the 
surface  states  of  GaAs,  that  is,  there  are  still  surface  states  near  the  VBM.  Accordingly,  we 
propose  a  new  sub-surface  structure  which  can  passivate  GaAs  surfaces  more  effectively  than  the 
sulfur  treatment  alone.  In  our  new  structures,  atomic  layers  of  other  semiconductors  with  lower 
VBM  (such  as  GaP,  AlAs  and  InP)  ate  deposited  on  GaAs  surface  before  the  sulfur  treatment,  as 
shown  in  Fig.5.  These  structu*  js  can  be  experimentally  achiev-id  by  the  atomic  layer  passivation 
(ALP)  technique."  we  have  found  that  the  III— S  bonds  formed  on  these  semiconductors  have  the 
passivating  effects  similar  to  the  Ga— S  bonds  on  GaAs.  Therefore,  our  ALP  treatment  is  expected 
to  shift  the  surface  states  downward  against  the  VBM  of  GaAs  by  the  valence  band  discontinuity  at 
the  semiconductor  interface. 


S/IU-V/GaAs  structure 
S  adsorption  interface 


Ga — S  bond  band  discontinuity 


CBM 


VBM 


S  2GaP  GaAs 


Fig.S.  Example  of  the  proposed  sub-surface 
suucture.  Tliis  figure  snows  the  atomic  posi¬ 
tions  of  the  S/(GaP)2/GaAs((X)l)  structure, 
where  two  layers  of  GaP  are  deposited  on  the 
Ga-terminated  GaAs((X)i)  surface  and  then  a 
S  monolayer  is  adsorbed  on  the  deposited 
Gap  layers. 


Fjg.6.  Electronic  structure  of  the  S/(GaP)2/ 
G^s((X)l)  structure.  The  horizontal  line 
within  the  band  gap  of  GaAs  (or  GaP)  repre¬ 
sents  the  position  of  the  surface  state  maxi¬ 
mum  on  the  bulk  GaAs  (or  the  strained  bulk 
Gap)  adsorbed  with  a  S  monolayer,  and  the 
horizontal  line  drawn  on  the  left  is  that  for 
the  S/(GaP)2/GaAs  structure. 


. . . 
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We  confirm  titat  the  passivating  effect  is  enhanced  by  the  ALP  treatment  on  the  basis  of  ab  initio 
calculations.  In  Fig.6  presents  the  electronic  structure  of  the  S/(OaP)2/GaAs(001},  where  two 
layers  of  GaP  are  deposited  on  the  Ga-terminated  GaAs(00i)  surface  and  then  a  S  monolayer  is 
adsorbed  on  the  deposited  GaP  layers.  The  atomic  positions  of  the  GaP  layers  as  well  as  the  S  atom 
are  deteniiined  by  minimizing  the  total  energy.  Since  the  lattice  constant  of  GaP  is  smaller  by  4% 
than  that  of  GaAs,  the  adsorbed  GaP  layers  are  expanded  in  the  direction  parallel  to  the  interface 
and  compressed  perpendicular  to  the  interface.  In  the  region  two  atomic  layers  away  from  the 
GaP/GaAs  interface,  the  averaged  self-consistent  potential  is  almost  the  same  as  that  in  the  bulk 
GoAs  or  the  strained  bulk  GaP.'^  Thus,  the  band  lineup  at  the  GaP/GaAs  interface  can  be  determined 
by  combining  the  potential  averages  and  band  structures  of  the  GaAs  and  the  strained  GaP.  The 
obt'diied  valence  band  discontinuity  is  0.30  eV,  as  shown  in  Fig.6.  For  the  strained  GaP  adsorbed 
with  a  S  monolayer,  the  surface  state  maximum  is  found  to  be  located  0.50  eV  above  the  VBM  of 
GaP.  Fur  the  S/(GaP)2/GaAs(001),  this  surface  state  maximum  is  expected  to  shift  downward 
against  the  VBM  of  GaAs  by  the  valence  band  discontinuity  (0.30  eV)  at  the  GaP/GaAs  interface. 
In  fact,  the  calculated  surface  state  maximum  is  located  0.24  eV  above  the  VBM  of  GaAs.  In  this 
way,  the  proposed  sub-surface  structures  on  GaAs  can  shift  the  surface  states  downward  against  the 
VBM  of  GaAs,  because  of  the  valence  band  discontinuity  at  semiconductor  interfaces  as  well  as 
the  IIl—S  bond  formation  on  surfaces.  If  a  species  of  adsorbate  generates  surface  states  near  the 
conduction  band  minimum  (CBM)  of  semiconductors  different  from  S  atoms,  we  can  passivate 
GaAs  surface  effectively  by  depositing  atomic  layers  of  other  semiconductors  with  higher  CBM 
and  then  the  adsorbates.  In  this  case,  the  surface  states  shift  upward  against  the  CBM  of  GaAs  by 
the  conduction  band  discontinuity.  Furthermore,  the  carriers  are  conHned  in  the  GaAs  substrate  by 
the  conduction  and  valence  band  discontinuities.  As  a  result,  the  carriers  won't  see  the  surface 
states  virtually  and  the  surface  electronic  properties  ate  expected  to  be  much  improved. 


5.  Coiiclusioiis 

We  have  investigated  the  structural  and  electronic  properties  of  the  sulfur-adsorbed  GaAs  surfaces 
by  using  the  ab  initio  pseudopotential  method.  It  is  found  that  the  stable  Ga— S  bonds  remarkably 
reduces  the  midgap  surface  state  density  of  GaAs  and  moves  the  Fermi  level  toward  the  valence 
band  maximum.  The  sulfur  passivation  of  GaAs  surfaces  can  be  explained  quite  well  in  terms  of 
the  formation  of  Ga— S  bond  on  the  sulfur-treated  surface,  without  introducing  any  disorder  or 
defect  near  the  surface.  In  terms  of  the  calculated  results,  we  propose  a  new  sub-surface  structure 
which  can  passivate  GaAs  surfaces  more  effectively  than  the  simple  sulfur  treatment. 
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TWO-DIMENSIONALLY  LOCALIZED  VIBRATIONAL  MODE  DUE  TO  Al  ATOMS 
SUBSTITUTING  FOR  Ga  ONE-MONOLAYER  IN  GaAs 

HARUHIKO  ONO  and  TOSHIO  BABA 
Fundamental  Research  Laboratories,  NEC  Corporation, 

34  Miyukigaoka,  Tsukuba,  'ibarakl  305,  JAPAN 


ABSTRACT 

We  demonstrate  evidences  of  a  vibrational  mode  localized  in  a  single  slab  of  Al  atoms 
substituting  for  a  (001)  Ga  monatomic  layer  in  GaAs.  Infrared  absorption  spectra  of  a  single  slab 
of  one-monolayer  (1-ML)  AlAs  sandwiched  by  GaAs  or  AlAs/GaAs  superlattices  were 
investigated  by  Fourier  transform  spectroscopy.  A  specific  absorption  peak  was  observed  at  358 
cm  '  with  a  line  width  of  3  cm  '  in  a  sample  with  a  single  slab  of  1-ML  AlAs.  Polarization 
dependence  of  the  peak  strength  reveals  the  anisotropy  of  E  mode  vibration,  in  which  Al  atoms 
vibrate  parallel  to  the  Al  layer.  This  358  cm  '  peak  is  concluded  to  be  a  phonon  mode  due  to 
two-dimensionally  distributed  Al  atoms  in  three  dimensional  GaAs  cry.stal. 


1.  Introduction 

It  is  well  known  that  a  light  impurity  atom  substituted  for  a  heavy  host  atom  in  a  crystal  has  a 
localized  vibrational  mode  (LVM).  For  this  reason,  light  impurity  atoms  substituted  for  a 
monatomic  layer  of  host  atoms  may  be  expected  to  have  a  specific  two-dimensionally  localized 
vibrational  mode  (2D-LVM).  Well  controlled  AlAs/GaAs  superlattices  can  be  obtained  by  using 
a  recent  crystal  growth  technique  of  molecular  beam  epitaxy  (MBE).  Free  electrons  in  the 
conduction  band  confine  in  GaAs  layers  of  superlattices,  being  the  two-dimensional  electron  gas, 
since  the  band  gap  is  narrower  in  GaAs  than  in  AlAs.  The  phonon  properties  in  such 
semiconductor  superlattices  have  been  investigated  by  Raman  scattering  measurements'’^.  The 
results  have  revealed  that  the  optical  phonons  also  confine  in  individual  layers  of  a  superlattice. 
RecenUy,  the  phonon  confinement  was  observed  in  ultra-thin-layer  superlattices’’’.  However,  these 
experiments  can  not  demonstrate  the  existence  of  2D'LVM,  because  the  distances  between  AlAs 
layers  in  such  superlattices  were  too  close  to  neglect  interactions  between  the  layers.  In  order 
to  detect  the  proper  2D-LVM,  we  should  measure  for  a  sample  with  a  single  slab  of  monatomic 
impurity  layer.  This  paper  demonstrates  evidences  of  such  a  2D-LVM  localized  in  a  single  slab 
of  Al  atoms  substituted  for  a  (001)  Ga  monatomic  layer  in  GaAs,  using  Fourier  transform 
infrared  spectroscopy  (FTIR). 


2.  Experimental 

Samples  used  were  grown  on  a  (001)  semi-insulating  GaAs  substrate  by  MBE.  A  single  slab  of 
one-monolayer  (1-ML)  AlAs,  which  corresponds  to  a  single  monatomic  Al  layer  substituted  for 
a  Ga  layer,  or  AlAs/GaAs  superlattices  were  sandwiched  between  500A-thick  GaAs  epitaxial 
layers.  The  Al  densities  per  unit  area  for  all  samples  were  controlled  to  be  constant  as  1.2  x  10'* 
cm’’.  Infrared  absorption  spectra  of  the  samples  were  obtained  by  FTIR  at  near  liquid  helium 
temperature.  The  FTIR  measurements  were  performed  at  a  resolution  of  0.1  cm  '  with  a  Si 
bolometer  cooled  at  4K  as  an  infrared  detector.  A  reference  spectrum  of  as-received  substrate  was 
subtracted  from  the  sample  spectra,  in  order  to  eliminate  the  background  due  to  lattice  phonons 
in  GaAs  substrate.  The  layer  structures  of  samples  were  confirmed  by  high  resolution  transmission 
electron  microscopy*.  For  the  sake  of  comparison,  MBE-grown  AlosGa^sAs  and  AlAs,  and  Al- 
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doped  bulk  GaAs  were  also  investigated. 


3.  Results  and  discussion 


Figure  1  shows  absorption  spectra  of  Al-reiated  /till 

vibrational  modes  observed  in  this  work.  The  ^  f  \  j  ^  M  Ji 
spectra  (a)  and  (o)  in  Fig.l  were  obtained  from  a  S  i  /  A  pJ  m  S 
sample  with  a  single  slab  of  1-ML  AlAs,  and  from  o  /  \  ^ 

a  sample  with  20  periods  of  1-ML  AlAs/14-ML  a  I  \  V 

GaAs,  respectively.  They  show  an  distinct  peak  at  ^  (d)  •- - 1  V  ^ 

358  cm  '..  The  latter  sample  contains  20  slabs  of  /  V  v  ^ 

monatomic  A1  layer  separated  by  40  A  each  other.  \ 

Comparing  the  spectra  (a)  and  (b),  one  can  recog-  — _ ^  — 

nize  that  the  spectrum  (b)  is  exactly  20  times  the  (b) 
spectrum  (a).  This  fact  indicates  that  the  peak  is  , 

absolutely  due  to  the  A1  layers  in  the  samples.  350  360  370 

Since  the  358  cm  '  peak  was  observed  in  a  non-  FREQUENCY  (cm'^) 

periodic  sample  with  a  single  slab  of  1-ML  AlAs, 

it  clearly  does  not  originate  from  the  periodicity  of  pjg  j  Al-related  phonons  in. 
superlattices.  Therefore,  we  suppose  that  the  peak 

is  a  localized  phonon  being  characteristic  of  a  20  periods  of  (AlAs),/(GaAs)„ 

monatomic  A1  layer,  i.e.,  2D-LVM.  Spectra  (c)  and  .  .  Al-doped  bulk  GaAs 

(d)  are  Al-LVM  in  a  bulk  GaAs  crystal  and  TO-  soA-thick  AlAs 

phonon  mode  in  an  MBE-grown  AlAs  layer, 
respectively.  The  Al-LVM  is  thought  to  be  a  vibra¬ 
tional  mode  relating  to  zero-dimensionaliy  distributed  Ai  atoms,  and  the  AlAs  TO-phonon  relat¬ 
ing  to  three-dimensionally  distributed  Al  atoms.  The  relationship  between  the  Ai  distribution  and 
the  vibrational  frequencies  will  be  discussed  below. 


For  the  purpose  of  confirmation  that  the  observed  358  cm  '  peak  is  a  proper  2D-LVM,  we  inves¬ 
tigated  the  change  of  the  spectra  for  superlattices  whose  layers  were  modulated  systematically, 
as  shown  in  Fig.2.  The  superlattice  samples  are  categorized  into  three  series.  In  the  series  I,  AlAs 
layers  in  1-ML  AlAs/14-ML  GaAs  were  replaced  by  AlGaAs  layers.  In  this  case,  AI  atoms 


1  ML-AIAs  ■ 
14ML-GaA$ 

1  ML-AlAf 
14ML-GaA« 

1  ML-AIAt  • 


0.5  ML 
I  1^  14  ML 
0.5  ML 


20  period* 


0.25ML 
14  ML 
0.25ML 


IML^ 

2ML 

IML'' 


Fig.2  Superlattice  samples  used  for  experiments. 
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Fig.3  Peak  positions  for  all  observed  samples  plotted  against  nominal  A1  composition. 
The  number  m/n  means  m-ML  AlAs  /  n-ML  GaAs. 


become  isolated  from  each  other  being  distributed  zero-dimensionally.  The  series  11  increases 
AlAs  layers  keeping  GaAs  layers  14-ML.  This  cause  the  A1  distribution  to  be  three-dimensional. 
Moreover,  in  the  series  III,  GaAs  layers  are  decreased  keeping  AlAs  layers  1-ML.  Since  the 
neighboring  Ai  monatomic  layers  approach  each  other,  in  the  last  series,  one  can  check  the 
interactions  between  the  Al  layers.  Peak  positions  obtained  for  all  the  samples  in  the  present 
study  are  summarized  in  Fig.3.  Figure  3  shows  the  peak  positions  plotted  in  wave  numbers 
against  the  Al  composition,  x.  In  the  superlattice  samples,  the  Al  compositions  are  the  average 
values  in  the  superlattice  region.  The  TO-phonon  on  AlAs  was  observed  at  363.7  cm  ',  and  the 
impurity  LVM  of  isolated  Al  in  GaAs  was  observed  at  361.8  cm  ',  as  shown  in  Fig.l.  The  line 
between  them  is  the  AlAs-like  TO-phonon  modes  in  alloy  AlGaAs’.  If  the  Al  atoms  are 
distributed  at  random,  the  TO-phonon  peak  must  be  on  this  line.  Actually  the  peak  in  AV^GaasAs 
was  observed  at  363  cm  ',  which  is  just  on  the  TO-phonon  line.  It  is  noted  that  all  the  peaks  for 
samples  having  modulated  structure  were  observed  at  positions  lower  than  the  AlAs-like  TO- 
phonon  line  in  AlGaAs.  This  means  that  the  bond  softening  occurs  around  the  Al  atoms,  when 
they  distribute  two-dimensionally. 

If  one  traces  the  data  points  of  the  series  I  to  III  in  Fig.3,  all  the  data  are  recognized  to  change 
systematically  as  expected.  Let  us  examine  the  variation  in  the  peak  position  from  the  standard 
sample  1/14.  When  m  decreases  from  1  in  the  series  I,  the  peak  approaches  the  LVM  of  zero- 
dimensionally  distributed  Ai  atoms.  When  m  increases  from  1  in  the  series  II,  the  peak  rapidly 
approaches  the  TO-phonon  of  three-dimensionaliy  distributed  Ai  atoms.  Furthermore,  when  n 
decreases  from  14  in  the  series  III,  the  extrapolated  line  coincides  with  the  wave  number  of  the 
AlAs  TO-phonon  mode.  It  should  be  noted  that  the  peak  shift  in  the  series  III  is  quite  small 
even  in  the  sample  1/2,  in  which  the  monatomic  AI  layers  are  separated  only  by  a  2-ML  GaAs 
layer.  This  is  a  clear  evidence  that  the  vibrational  mode  is  strongly  localized  at  each  AI  layer. 
If  one  traces  the  data  points  of  the  series  I  to  III  in  Fig.3  in  the  opposite  way,  all  the  points 
converge  into  a  specific  wave  number.  358  cm  ',  which  was  observed  for  a  sample  having  a 
single  monatomic  Al  layer  embedded  in  GaAs.  Therefore,  our  argument  that  the  358  cm  '  peak 
is  the  2D-LVM  due  to  two-dimensionally  distributed  Al  atoms,  provides  a  quite  natural  and 
consistent  explanation  for  all  the  data  described  in  Fig.3. 
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Further  evidence  for  2D-LVM  is  given  in  Fig.4,  in  which  the  line  widths  and  the  integrated 
intensities  of  the  peaks  in  the  series  II  and  III  are  plotted  against  the  nominal  A1  composition. 
If  one  traces  the  data  points  in  a  similar  way  to  the  case  in  Fig.3,  all  the  points  vary 
systematically  as  a  function  of  x.  The  sample  with  separated  monatomic  A1  layers  has  the 
smallest  line  width,  and  the  largest  integrated  intensity  that  corresponds  to  the  absorption  cross 
section  due  to  photon-phonon  interactions.  Hiis  fact  shows  that  the  vibrational  mode  due  to  the 
monatomic  A1  layer  consists  of  a  single  vibrational  mode.  When  the  interactions  between  the 
neighbor  A1  layers  are  not  negligible,  various  vibrational  modes  occur  and  then  the  peak  width 
increases  and  the  absorption  cross  section  decreases,  as  is  seen  in  Fig.4. 


We  next  investigate  the  symmeny  behavior  of  the  2D-LVM.  The  symmetry  of  the  (001) 
monatomic  A1  layer  being  substituted  for  a  Ga  layer  in  GaAs  is  the  point  group  Dja.  Thus,  the 
vibrational  modes  are  divided  into  singlet  and  doublet  E  mode  vibration.  The  mode 
concerns  atoms  vibrating  perpendicular  to  the  layer  and  the  E  mode  parallel  to  the  layer.  When 
the  incident  light,  which  is  a  transversal  wave,  propagates  perpendicular  to  the  A1  layer,  the 
photons  interact  only  with  the  E  mode.  Therefore,  the  2D-LVM  we  observed  at  358  cm  ’  must 
be  the  E  mode.  In  order  to  confirm  this  idea,  we  further  measured  the  polarization  dependence 
of  2D-LVM  intensity  in  an  (AlAs),(GaAs),4  sample,  and  Al-LVM  intensity  in  a  bulk  GaAs 
sample  as  a  reference.  The  samples  were  mounted  inclining  at  an  angle  of  45°  to  the  incident 
light,  as  shown  in  Fig.5(a).  The  LVM  spectra  were  observed  with  the  incident  light  polarized  at 
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Fig.4  Full  width  at  half  maximum  (FWHM)  Fig.5  (a)  Schematic  dia^am  for  the 
and  integrated  intensity  plotted  polarization  experiments, 

against  nominal  A1  composition.  (W  Integrated  intensity  plotted 

against  the  polarization  angle. 
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0  from  the  plane  of  incidence.  Figure  5(b)  shows  integrated  absorption  of  the  peak  plotted 
against  the  polarization  angle  6.  The  open  circles  are  for  the  358  cm*'  peak  in  the  (AlAs), 
(GaAs),4,  and  the  solid  circles  for  the  Al-LVM  in  the  bulk  GaAs.  The  integrated  intensities  are 
normalized  by  that  when  the  incident  light  was  polarized  at  0  =  90°.  As  shown  in  Fig.5(b),  the 
peak  intensity  of  the  358  cm  '  takes  minimum  at  0  =  0°,  and  maximum  at  0  =  90°.  In  contrast 
to  this,  impurity  LVM  due  to  A1  in  GaAs  did  never  depend  on  the  polarization  angle.  This  is 
caused  by  the  T^  symmetry  of  the  A1  atom  giving  rise  to  the  triplet-degenerated  vibrational  mode. 
The  above  experiments  clearly  show  the  anisotropic  behavior  of  the  358  cm''  peak  and  indicate 
that  the  peak  is  due  to  the  E  mode  vibration  of  2D-LVM. 

Finally,  we  estimate  the  2D-LVM  by  calculating  the  normal  vibrational  modes  of  three- 
dimensional  lattice  in  which  the  atoms  vibrate  around  the  s-th  site  on  the  1-th  unit  cell.  Under 
a  harmonic  approximation  the  frequency  o)  of  the  normal  vibration  can  be  obtained  by  solving 
the  3n  x  3n  equation, 

det(  D„pt,ss’,q)  -  =  0.  (1) 

The  dynamical  matrix  Dop(ss’,q)  is  given  by 

D„p(ss’,q)  =  (M.M.)  ‘"  I  <t)ao(ls.rs’)  exp[  iq(R,..-RJ  ],  (2) 

Where,  M,  is  the  mass  of  the  atom  s,  <t)„p(is.rs’) 
the  force  constant  between  atoms  Is  and  I’s’,  a  and 
P  cartesian  indices,  q  the  wave  vector,  and  R^  the 
equilibrium  position  of  the  atom  Is.  In  order  to 
estimate  the  2D-LVM,  we  use  a  three-dimensional- 
chain  model  neglecting  the  long-range  Coulomb 
force.  In  the  model,  the  short-range  force  constants 
f,  and  fi  are  considered  as  parameters.  The  bond¬ 
stretching  vibration  results  from  the  nearest- 
neighbor  atom  pairs  (Ga-As  or  Al-As)  interacting 
directly  with  the  force  constant  fj.  When  the  next- 
nearest-neighbor  atom  pairs  (Ga-Ga,  Al-Ga,  Al-Al, 
and  As-As)  interact  through  the  force  constant  fj, 
the  bond-bending  vibration  of  the  three  adjacent 
atoms  occurs.  Considering  a  zinc-blende  lattice 
structure  with  a  ((X)l)  monatomic  A1  layer  em¬ 
bedded  in  GaAs,  we  assumed  a  primitive  unit  cell 
to  consist  of  six  atoms,  which  are  Ga,  As,  Al,  As, 

Ga,  and  As  atoms  along  a  <110>  direction  across 
the  (001)  plane.  This  model  corresponds  to  the 
sample  (AlAs)t(GaAs)i,  in  which  the  inter»:tion 
between  AlAs  layers  were  not  significant,  as  shown 
in  Fig.3. 

The  TO-phonon  modes  at  F  point  (q=0)  were  calculated  for  the  case  when  the  incident  light 
comes  along  the  [001]  direction.  Figure  6  shows  the  results  of  calculated  frequency  o)  as  a 
function  of  the  ratio  yf,.  Since  six  atoms  were  assumed  to  be  in  a  unit  cell,  five  vibrational 
modes  appear  for  the  TO-phonon.  Two  modes  (1  and  2  in  Fig.6)  correspond  to  the  GaAs  bulk 
phonon,  because  the  modes  also  appear  in  the  independent  calculation  for  GaAs.  Other  two  (3 
and  4)  correspond  to  the  GaAs-like  phonon  perturbed  by  the  Al  layer.  The  mode  5  has  the 
highest  frequency  apan  from  the  GaAs-like  phonon  band.  The  broken  line  in  Fig.6  is  for  the 


*//, 

Fig.6  Calculated  frequencies  of  TO- 
phonon  modes  for  1-ML  AlAs. 
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AIAs  bulk  phonon  mode  calculated  in  the  same  way.  Since  the  ntode  5  is  located  near  the  AlAs 
bulk  phonon  mode,  the  mode  is  considered  to  be  the  vibrational  mode  strongly  localized  at  the 
A1  layer;  i.e.,  2D-LVM.  If  the  force  constant  ratio  fJU  >  0.11,  the  2D-LVM  appears  at  a 
frequency  lower  than  AIAs  TO-phonon,  being  in  agreement  with  the  experimental  results,  though 
the  ratio  fjfi  has  not  been  established  in  the  literature.  The  above  calculation  with  a  simple 
model  shows  that  a  vibrational  mode  locali^d  in  a  monatomic  Al  layer  appears  around  the  AIAs 
TO-phonon  frequency,  being  sensitive  to  tte  force  constant  ratio  fj/f,. 


4.  Summary 

We  presented  clear  evidences  of  the  2D-LVM  in  a  single  slab  of  monatomic  Al  layers  embedded 
in  GaAs  using  infrared  absorption  spectroscopy.  The  2D-LVM  observed  at  358  cm  '  is  strongly 
localized  in  a  monatomic  Al  layer  and  is  damped  abruptly  towards  the  direction  perpendicular 
to  the  layer,  while  the  impurity  LVM  is  stri.*'i>ly  localized  at  the  impurity  atom  zero- 
dimensionally.  The  2D-LVM  peak  in  Fig.l  seems  to  »e  asymmetric  and  rather  broad,  compared 
with  the  impurity  LVM.  The  LVM  due  to  Al  in  GaAs  has  a  sharp  symmetric  peak  with  a  width 
of  0.5  cm  '.  The  asymmetry  and  the  broadness  of  the  2D-LVM  might  be  caused  by  some 
imperfections  of  the  Al  layer,  such  as  steps.  If  one  made  a  perfect  monatomic  Al  layer  in  GaAs, 
one  could  obtain  a  sharp  symmetric  2D-LVM  peak. 

The  authors  are  thankful  to  N.Ikarashi  for  his  helpful  observations  using  high  resolution 
transmission  electron  microscopy.  They  also  thank  K.Ishida  for  his  valuable  discussion  during  the 
work,  and  Y.Matsumoto  and  H.Wataiiabe  for  their  encouragement. 
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ABSTRACT 

First  observation  of  partially  resolved  ^^0  hyperfine  (HF)  structure  in  electron 
spin  resonance  spectra  of  (llljPjj  defects  at  the  interface  of  ^^0-enriched 
(51.24%)  (lll)Si/Si02  structures  in  combination  with  conscientious  monitoring  of 
defect  density  and  related  dipolar  interaction  has  revealed  details  on  the  Pjj's 
immediate  0  surrounding  in  the  silica  side.  It  is  found  that  the  unpaired  sp' 
hybrid  has  its  strongest  HF  interaction,  of  HF  splitting  constant  a||j^“2 . 7±0. 15  G, 
with  only  one  0  site  in  a  first  shell,  a  next  interaction  of  a|j2=l.i  G  with  one  0 
site  in  a  second  shell,  and  a  third  interaction  of  a||3=:0.2  G  with  two  equivalent 
0  sites  in  a  third  shell.  While  complementing  the  P^J  model,  the  results  conflict 
with  a  previously  proposed  symmetric  ditrigonal  ring  silica  cover  of  P^,  defects. 


I .  Introduction 

Thermal  oxidation  or  nitridation  of  Si  at  whatever  temperature (T)  is  attended 
with  the  generation  of  intrinsic  trivalent-Si  defects  at  the  interface . The 
dominant  defect  at  the  (lll)Si/Si02  interface  -termed  Pj,  center-  has  been 
identified  by  the  electron  spin  resonance  technique  (ESR)  as  an  unpaired  sp"* 
orbital  on  an  interfacial  Si  atom  backbonded  to  3  Si  atoms  in  the  bulk  and 
pointing  into  a  microvoid^’^  (schematically  denoted  as  •Si«Si3).,  It  exhibits  €3^ 
symmetry  and  accounts  for  50-100%  of  all  electrically-active  trapping  and 
recombination  fast  interface  states.  Noteworthy  is  that  only  the  [lllJP^,  variant 
with  unpaired  sp’  hybrid  l  interface  (sketched  in  Fig.  1)  is  observed  in  a 
conventional  as-oxidized  (1  atm  dry  O2:  900-950*C)  (lll)Si/Si02  structure. 

Such  interface,  typically^’"  comprises  about  5x10^^  Pjj's  cm‘^. 

The  '>SiHSi3  model  accounts  well  for  most  of  the  experimental  observations  on  the 
Pjj  defect,  of  which  the  main  properties  are  primarily  set  by  the  Si  substrate. 
Yet,  this  model  is  incomplete  in  the  sense  that  it  only  reflects  the  Si 
(substrate)  "side"  of  the  defect.  A  full  model  of  this  prototype  interface  defect 
located  right  at  a  sharply  bordered  interface  would  also  incorporate  the 
surrounding  structure  at  the  insulator  side.  That  additional  insight  could 
provide  information  on  the  physical  roechanisro(s)  leading  to  P^,  formation.. 

The  Pij's  immediate  oxide  surrounding  is  still  unknown,  except  for  the  fact  that  0 
is  not  incorporated  in  the  immediate  bonding  structure  of  Pj,.  This  has  been 
concluded  from  a  K-band  ESR  study'  on  ^'0  enriched  (51.26%)  and  ordinary  (0.037% 
^^0  natural  abundance)  (lll)Si/Si02,  which,  rather  than  observing  any  ^'0 
(nuclear  spin  1=5/2)  Pj,  hyperfine  (HF)  structure,  found  that  the  mere  effect  of 
enrichment  was  a  broadening  of  the  peak-to-peak  linewidth  *Bpp  ftom  about  1.4  to 
4.2  G;  The  observation  of  ^'0  Pj,  HF  structure,  though,  would  provide  a  clue  to 
map  the  0  surrounding.  A  similar  conclusion  was  reached  from  a  comparative  study^ 
of  Si  oxide  and  nitride  showing  that  the  insulator's  influence  on  the  Pj,  ESR 
features  is  only  of  secondary  nature. 

Recent  experiments,^  however,  have  led  to  a  more  thorough  understanding  of  the  Pj, 
signal  structure.  In  particular  the  dipole-dipole  (DD)  interaction  between  Pjj's 
has  been  identified,  mainly  as  a  result  of  the  optimization  of  a  reversible  H- 
passivation  method..  The  natural  line  shape,  that  is  the  shape  unaffected  by  DD 
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Fig.l;  Ball-and-stick  model  of  a  [llljPjj  defect  (entity  a)  at  the  (lll)Si/Si02 
interface. 


broadening,  has  been  well  characterised  and  a  unique  »Bpp-[Pi,]  relationship  has 
been  revealed.  These  results  show  that  the  P],  concentration  is  an  important 
parameter  and  dictate  that  any  comparison,  either  experimentally  or  theoretical- 
computationally,  regarding  the  effect  of  ^'0  enrichment  must  be  carried  out 
between  otherwise  strictly  identical  samples  in  order  to  keep  [Pbl,  and  thus  DD 
effects,  unaltered.  In  particular,  this  means  that  to  simulate  the  Pjj  spectrum  of 
^'0  enriched  Si/Si02,  the  calculated  ^^0  HP  histogram  has  to  be  convoluted  with 
the  correct  spectrum  of  unenriched  Si/Si02  of  equal  [Pj,]- 

This  renewed  insight  has  opened  a  new  perspective  for  ^^0  P^,  measurements.. 
Together  with  a  low-T  ESR  spectrometry  optimized  to  record  clear  undistorted 
resonances  and  well  controlled  reproducible  sample  preparation,  this  has  allowed 
the  observation  of  ^'0  Pj,  HF  structure,  which  is  the  subject  of  the  present  work. 


II.  Experimental  details 

Slices  of  a  commercial  Czochral ski -grown  two-side  polished  (lll)Si  wafer  (p  type, 
10  ncm)  were  oxidized  at  920±10*C  either  in  ordinary  oxygen  (purity>99.999X)  or 
oxygen  enriched  to  51.24X  ^^0  at  a  pressure  of  0.2  atm  for  about  75  min  resulting 
in  an  oxide  thickness  of  =145  A.  Particular  attention  was  paid  to  cycle  both 
samples  fully  identically,  apart  of  course  from  the  differing  ^'0  ambient.  Post- 
oxidation  thermal  treatments  in  vacuum  and  hydrogen”  were  applied  to  optimize  the 
Pjj  density  at  the  balance  of  a  favorable  signal -to-noise  (S/S)  FSCto  and  an 
acceptable  DO  broadening..  The  final  Pl  density  was  (4.9±0.3)xl0^  and 
(5.2±0.5)xl0^^  cm'^  for  the  uncnrichcd  and  enriched  sample,  respectively  -well 
equal  within  experimental  accuracy  as  strictly  required  for  the  present  purpose., 

K-band  (=20.1  GHz)  ESR  absorption-derivative  dP^^/dB  signals  (P^.  representing 
the  absorbed  microwave  power)  were  measured  at  4.3  K  for  the  applied  magnetic 
Induction  B  perpendicular  to  the  (111)  interface  (B|(111]).  The  high  saturablllty 
of  the  Pjj  signal  at  4.3K  imposed  reduction  of  the  microwave  power  P^  incident  on 
the  TEqj^]:  cavity  of  loaded  Q  of  =15000  to  S  0.5  nW  to  record  undistorted  signals. 
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Fig. 2:  K-band  ESR  spectra  (solid  curves)  of  the  [llllPjj  defect  iieasured  at  4.3  K 
with  P  — 65  dBm  and  Bx(lll)  interface  of  (lll)Si/Si02  grown  in  enriched 
(51.24%)  (a)  and  ordinary  oxygen  (b).  The  dotted  curve  is  a  computer  simulation 
based  on  ^'0  HF  histogram  calculation  using  the  parameters  summarized  in  Table  I. 


III.  ESR  spectra 

The  P|,  signals  of  both  the  unenriched  and  enriched  samples  are  shown  in  Fig.  2. 
The  unenriched  sample  is  characterised  by  *Bpp-l .69t0.03  G  and  a  line  shape 
factorit  =I/{Vp(4Bpp)^j=5.6±0.3,  where  I  and  2vu  represent  the  signal  intensity 
(area  under  the  integrated  derivative  spectrum)  and  and  peak>to-peak  height  of 
the  dP  a/dB  signal,  respectively.  The  corresponding  density  (Pj,|-(4.9±0.3)xl0^^ 
cm*^  refers®  to  a  DD  broadening  of  0.4  G.  The  distinct  effect  of  *'0  enrichment 
is  clear  from  a  comparison  of  both  spectra.  While  showing  a  broadening  of  the  Pjj 
response  to  *Bpp-2 . 7l±0.06  G,  there,  interestingly,  also  appears  (partially) 
resolved  ^'0  HF  structure,  which  has  three  main  chas acterlstlcs  as  indicated  on 
Fig. 2(a):  a  kink  at  position  A.  a  resolved  peak  at  B,  and  a  broadly  extending 
shoulder  indicated  as  region  C.  The  Increase  of  the  line  shape  factor  for  the 
enriched  sample  to  lO.liO.S  just  confirms  the  appearance  of  additional  structure. 
Simulation  of  this  structure  based  on  the  calculation  of  the  HF  stick  diagram 
for  various  0  shell  surroundings  and  correct  convolution  provides  information  on 
the  immediate  0  surrounding  of  the  P{,  defect. 

A  clear  result  is  that  the  observed  ^^0  HF  spHttings  are  much  smaller  chan  that 
resulting  from  HF  interaction  wl-h  a  central  ^"si  nucleus  (isotropic  HF  splitting 
=156  G).^  showing  again  chat,  unlike  Si.  oxygen  is  not  an  immediate  part  of  the 
P^  structure.- 


tv,  ESR  spectra  simulation 

Simulation  of  the  Pj,  signal  of  the  enriched  sample  starts  from  the  calculation  of 
the  HF  spectral  histogram  for  the  configuration  of  a  Pj^  defect  chat  is  surrounded 
by  r  shells  each  containing  ni  equivalent  0  sites,  where  r-4  and  n£-0,..,10.  Each 
0  site  has  a  probability  p-0.5l24  for  being  occupied  by  an  atom.  Within  the 
localized  hybrid-orbital  (LHO)  pictuie.  such  histogram  is  simply  obtained  by 


I 
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accumulating  the  shifts  In  resonance  field  caused  by  each  surrounding  ^^0  nucleus 
individually  and  the  corresponding  statistical  amplitude  for  each  'line'  (stick).. 
This  histogram  is  then  convoluted  with  the  'unenriched'  experimental  spectrum  of 
Fig. 2(b)  to  obtain  a  simulation. 

The  simulation  task  now  consists  in  calculating  the  convoluted  HF  histogram  for 
each  (physically  reasonable)  shell  configuration,  that  is  each  set  of  nj^,n2,n3,n^ 
values,  and  selecting  the  best  fit.  Since  it  is  anticipated  that  0  is  not  an 
immediate  part  of  the  Pjj  bonding  structure,  ^^0  atoms  in  more  distant  shells  are 
expected  to  cause  only  small,  hardly  resolvable  HF  splittings.  Hence  why  the 
number  of  shells  (r)  considered  is  limited  to  4.  The  histogram  H(B)  for  one 
ni,n2,n3,n^  shell  configuration  is  the  accumulation  of  all  pairs 

4  -k^  nj^  4  k^ 

H(B)  =  {(IT  6  P  ,  Bq  +  2  (  S  Mj  .alh))  ,  (1) 

i-1  k^  i-1  j=0  " 

where  nj^  nj^ !  kj^  -kj 

P  -  -  P  (1-p)  (2), 

ki  k^Kn^-k^)! 

Mj  Q=0,  and  kj^  and  Mj  ^(j>0)  are  understood  to  run  through  all  values  0,1,....  .n^ 

and  -5/2, -3/2 . 5/2 .respectively ,  to  cycle  all  possible  combinations.,  Bp 

represents  the  ESR  resonance  field  in  absence  of  HF  interaction  while  aiu  is  the 
HF  splitting  constant  for  B||[111]  resulting  from  interaction  of  the  unpaired  P^j 
sp^  hybrid  with  ^'0  nuclei  in  shell  i. 

The  best  fitting  result  is  shown  in  Fig. 2  by  the  dashed  curve,  while  the 
corresponding  fitting  parameters  are  summarized  in  Table  I.  This  interestingly 
reveals  that  the  Pj^  unpaired  electron  has  its  strongest  HF  interaction  with  only 
one  0  site  (shell  1)  characterised  by  ajh-2.7  G,  which  has  a  probability  p=0.5124 
of  being  occupied  by  an  ^^0  nucleus.  The  second  strongest  HF  interaction  is  again 
only  with  one  0  site  (shell  2)  of  alM-'l.l  G,  while  the  3th  level  interaction  is 
with  two  equivalent  0  sites  in  shell  3.  The  4th  level  HF  interaction,  of  a|U=0.1 
G,  with  10  equivalent  0  sites  is  to  be  seen  as  indicative  rather  than  a  correct 
physical  result.  The  essential  point  for  this  shell  is  that  it  contains  a  large 
number  of  almost  equivalent  0  sites  of  small  HF  interaction  when  occupied  by  ^'0 
atoms.  They,  in  fact,,  represent  the  distant  hemi- spherical  cloud  of  small-aj|j^  0 
sites  of  which  the  mere  effect  is  to  slightly  blur  (broaden)  the  spectrum. 
Incorporation  of  this  'shell'  only  improves  slightly  the  overall  fitting  quality, 
but  is  not  essential . 

Though  the  fit  is  not  yet  perfect,  it  accounts  well  for  all  characteristic 
details  (cf.  A,  B,;  &  C).  And  it  needs  to  be  mentioned  that,  regarding  the  first 
two  0  shells  surrounding,;  the  fit  is  unique..  No  reasonable  fit  can  be  produced  if 
allowing  more  than  one  equivalent  0  site  in  the  first  or  second  shell. 

Table  I:  ^^0  HF  splitting  data  and  shell  distributions  of  0  sites  in  the 
immediate  oxide  neighborhood  of  [lllJPjj  centers  in  (lll)Si/Si02  as  obtained  by 
fitting  20.1  GHz  ESR  spectra  measured  at  4.3  K  for  b||[111].. 


Shell  #  nj^  a|£ 

~1  "  1^  .  2.7±0.15 

2  1  l.ltO.l 

3  2  0.2 

4  10  0.1 


_ 

0.60 

0.25 
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The  final,  almost  perfect  fit,,  as  shown  by  the  dotted  curve  in  Fig. 2,  is  obtained 
by  additionally  incorporating  a  spread  in  ajij,  which  fades  the  peaky  structure. 
Such  spread  is  known  to  exist^’^’°  as  a  result  of  the  interface  strain  and/or 
randomness  of  the  overlaying  SiO^  film.  This  causes  slight  variations  in  the 
positions  of  the  surrounding  0  sites  from  Pj^  site  to  site,  even  within  one 
shell,  with  attendant  alterations  in  wave  function  overlap  and  HF  interaction 
strenghts.  The  spread  in  aih  has  been  incorporated  by  replacing  each  line  (stick) 
in  the  histogram  shifted  over  Mj-aiu  by  a  Gaussian  distribution  of  equal 
Intensity  and  standard  deviation  2|Mj|iia|U,  that  is  a  relative  spread  of 

2  |Mj  |Aa|j^/(2  |Mj  |a|jj^)“Aa||  j^/am=22% .  Note  the  increasing  impact  of  with 

increasing  field  shift. 

A  remarkable  result  of  the  analysis  is  that,  like  the  Si  side,  the  immediate 
oxide  side  of  the  Pj^  center  reproduces  very  well  from  Pjj  site  to  P^j  site,  at 
least  what  concerns  the  first  three  shells  surrounding.  This  opposes  a  random 
matching  of  SiO^j  to  c-Si  and  is  in  favor  of  a  kind  of  epitaxial  transitlon.^’^® 

Another  interesting  result  is  that  the  relative  spread  Aa[|/a|i  in  HF  interactions 
is  significantly  larger  for  ^^0  nuclei,  that  is  =22%,;  thaJl  for  central  ^"si 
atoms, ^  for  which  Aaj^gjj/aj^gQ=:Aa|j/a||=:9.5%,  where  is  the  isotropic  part  of  the 

HF  interaction.  This  is  as  expected  since  the  c-Si  side  of  the  Pj^  defect  is  a 
much  more  rigid  structure  than  the  oxide  side:  The  Si-O-Si  bond  angle  is  much 
more  flexlble^^  than  the  rigid  tetrahedral  Si-Si-Si  angle,  which  makes  that  the 
Interfacial  strain  will  be  largely  adapted  by  the  overlaying  Si02 ■ 


V.  Discussion 

So  far,  most  HF  data  on  defects  have  been  interpreted  along  the  simplified  LHO 
picture  (see,  e.g.,  Refs,  4,12).  Within  this  model  the  present  data  regarding  the 
immediate  0  surrounding  of  Pj^  indicate  that  the  defect  has  only  one  0  atom  in  a 
nearest  position,  one  0  atom  at  a  slightly  larger  distance,,  2  equivalent  0  atoms 
in  a  third  neighbor  shell,  and  many  more  0  atoms  in  more  remote  shells.  The  LHO 
model,  however,  ignores  spin-polarization  effects  of  atomic  cores  by  valence 
levels^®  which  makes  the  model  more  interpretative  rather  than  predictive..  Hence,, 
it  is  not  necessarily  so  that  the  0  site  leading  to  the  strongest  ^^0  HF 
interaction  is  also  the  0  site  nearest  to  the  core  of  the  P^,  defect,  etc.  Yet, 
the  interpretation  is  conclusive  about  the  'symmetry'  of  the  0  surrounding,  that 
is,,  strongest  HF  interaction  with  only  one  0  site,  closely  followed  by  a  weaker 
HF  interaction  again  with  only  one  0  site. 

The  fact  that  0  is  not  part  of  the  central  bonding  structure  of  P^,  points  to  a 
microvoid  like  structure  of  the  Si02  cap  overlaying  the  P^^  defect.  There  is  so 
far  one  such  model -an  axial  microvoid  model-  that  pictures  the  Pjj  silica  cap 
as  an  axially-symmetric  puckered  ditrigonal  ring  of  six  SiO^  tetrahedra  -an 
epitaxial  tridymite-like  crystalline  transition. Symmetry  considerations, 
however,  show  that  our  results  conflict  with  this  otherwise  attractive  model,. 
There  are  various  ways  to  interpret  this  finding.. 

In  a  first  one,;  still  accepting  the  basic  correctness  of  the  tridymite-like 
concept,  the  results  could  perhaps  refer  to  a  distorted  symmetry  of  the  six- 
merabered  SiO^  ring  cap;  if  this  ring  would  be  off  center,  for  example,  this  would 
indeed  result  in  the  removal  of  the  axial  symmetry  of  the  ^'0  ?jj  HF  interaction. 
Previously  equivalent  0  sites  could  then  lead  to  (slightly)  different  ^'0  Pjj  HF 
interaction  strenghts,,  which  would  be  more  in  agreement  with  observations.  A 
difficult  to  meet  requirement  for  such  modified  tridymite-like  model,  however, 
might  be  that,  along  the  present  results,  the  distortion  introduced  should 
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reproduce  largely  identically  over  the  numerous  sites. 

Another  interpretation  could  conclude  the  inappropriateness  of  the  tridymite-like 
ring  cap  thus  bearing  out  the  need  for  another  microvoid  model .  Along  one 
suggestion,-  the  data  could  well  be  in  line  with  a  matching  zig-zag  overlay 
consisting  of  3  fairly  linearly  arrayed  SiO^  tetrahedra,  as  pictured  in  Fig.l.  A 
slight  asymmetric  relaxation  of  this  array  resulting  in  an  asymmetric  positioning 
of  two  0  atoms  nearest  to  the  Pjj  core  would  well  agree  with  the  present  first  two 
'shells'  ^^0  HF  interactions.  It  is  realized  though  that  the  confirmation  of  such 
model  will  require  an  in-depth  analysis  of  the  global  c-Si/Si02  matching  within 
the  framework  of  the  correct  oxidation  mechanism. 

It  is  clear  that  the  correct  evaluation  of  the  present  results  in  terms  of 
deriving  the  correct  oxide  side  of  the  Pj^  cluster  will  require  substantial 
additional  theoretical  work,,  starting  from  detailed  quantummechanical  calcula¬ 
tions  on  those  novel  microvoid  cluster  models  which  are  deemed  appropriate.  The 
comparison  of  the  derived  symmetry  and  ^^0  Pj^  HF  interaction  strengths  with 
experiment  will  then  select  the  correct  terminating  Si  cap  overlaying  Pjj  defects. 


VI .  Conclusions 

Optimized  ESR  measurements  on  [lll]P]j  defects  in  ^^0  enriched  (lll)Si/Si02 
structures  have  revealed  the  shell  symmetry  of  0  sites  in  the  immediate  silica 
surrounding,  which,  apparently,  conflicts  with  the  axial  microvoid  model  based  on 
the  concept  of  the  ditrigonal  ring  Si02  cap  of  Pj,.  The  strenght  of  the  '0  HF 
interactions  indicate  that  0  is  not  incorporated  in  the  central  bonding  structure 
of  the  P]j  defect,  as  expected. 

If  the  P{j's  are  seen  as  somehow  co-establishing  the  intrinsic  Si/SiQ2  interface 
structure  rather  than  being  loose  results  of  interface  adaptation,  the  present 
new  insight  may  add  to  uncover  this  structure  and  the  closely  linked  oxidation 
mechanism.  Much  is  expected  from  calculations  incorporating  the  new  insight. 
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ABSTRACT 

Using  '^0-enriched  thermal  oxide  on  silicon,  we  have  measured  the  hyperfine  interaction 
between  dangling  bonds  at  the  (111)  interface  (Pb  centers)  and  oxygen  atoms  in  the  SiOa. 
Our  analysis  indicates  that  each  Pb  center  interacts  weakly  with  only  a  single  oxygen  atom. 


1.  Introduction 

The  Pb  center  is  a  silicon  dangling-bond  pointing  into  the  SiOa  from  the  Si  side  of  a  Si/ 
SiOa  interface*.  It  is  one  of  the  most  important  point  defects  in  terms  of  its  influence  on 
silicon  technology,  and  has  been  extensively  studied  using  electron  paramagnetic  resonance 
(EPR).  A  combination  of  hyperfine  measurements^  and  theoretical  models^  have  re¬ 
vealed  the  essential  structure  of  this  defect  at  the  1 1 11 )  interface:,  a  trivalent  (3-coordinated) 
silicon  situated  exactly  at  the  interface,  with  the  dangling  bond  pointed  in  the  [1 1 1]  direction 
normal  to  the  interface  into  the  oxide  overlayer,  and  back-bonded  to  three  silicon  atoms  in 
the  Si  substrate.  Electrical  measurements'*  have  further  revealed  its  energy  levels  with  re¬ 
spect  to  the  Si  band  gap. 

In  spite  of  such  study,  many  aspects  of  its  structure  remain  unknown.  In  particular, 
we  address  here  the  question  of  the  position  of  oxygen  atoms  surrounding  the  Si  dangling 
bond.  It  can  be  seen  that  our  knowledge  of  the  structure  of  this  defect  is  entirely  from  the 
silicon  side  of  the  interface.  Yet  the  dangling  bond,  if  it  points  into  the  oxide,  must  point 
at  something.  Are  the  nearest  oxygen  atoms  arrayed  in  specific,  well-defined  positions  with 
respect  to  the  central  silicon,  or  are  their  positions  random?  How  many  oxygen  atoms  are 
involved,  or  dees  this  number  vary  from  site  to  site?  Several  ideas  exist  in  the  literature. 
First  is  the  idea  that  the  dangling  bond  juts  into  a  .small  void  in  the  oxide.  The  structure  of 
such  a  void  might  be  random,  or  it  might  consist  of  a  well-defined  cage  structure  such  as  that 
suggested  by  Cook  and  White^.  On  the  other  hand,  the  dangling  bond  might  actually  point 
into  the  Si02  network  itself,  since  the  much  smaller  dielectric  constant  (larger  band  gap)  of 
the  insulator  compared  to  the  semiconductor  may  make  the  actual  interaction  small.  In  this 
context,  one  must  again  ask  whether  the  structure  of  the  oxide  over  the  dangling  bond  has 
a  well-defined  form  (such  as  the  idea  suggested  by  Pantelides^  in  which  the  dangling  bond 
points  at  a  single  oxygen  directly  over  the  silicon  atom)  or  is  simply  random.  The  resolution 
of  these  various  possibilities  will  answer  the  question  of  whether  the  oxide  itself  plays  any 
essential  role  in  the  formation  or  electronic  properties  of  the  Pb  center.  The  understanding 
of  the  oxide  side  of  the  Pb  defect  is  essential  to  a  complete  understanding  of  its  structure  and 
origin. 

EPR  hyperfine  measurements  represent  the  best  means  of  addressing  this  question., 
Hyperfine  structure  can  be  directly  related  to  the  number  of  nuclei  that  are  part  of  the 
structure  of  a  defect,  and  to  the  overlap  of  the  spin  density  with  these  nuclei.  Just  as  the 
^^Si  hyperfine  structure  enabled  us  to  learn  about  the  Si  side  of  the  defect,  '^O  hyperfine 
measurements  can  be  used  to  tell  us  about  the  oxide  side.  To  enhance  the  concentration  of 
*’0  (1=5/2,  natural  abundance  .037%)  oxides  were  grown  in  55.65%  isotopically  enriched 
oxygen.  EPR  results  on  these  samples  are  described  in  this  paper.  Preliminary  re,sulls  were 
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given  previously^.  By  deconvolution  of  the  '^0-broadened  spectrum,  we  are  able  to  ascertain 
that  the  unpaired  election  on  the  Pb  center  interacts  weakly  with  only  a  single  oxygen  atom. 

We  have  also  performed  the  first  S-band  (4  GHz)  EPR  measurements  of  the  Pb  center, 
comparing  them  to  X-band  (10  GHz)  results  on  the  same  samples,  for  both  normal  (**0)  and 
'^0-enriched  samples.  From  these  EPR  measurements  at  different  frequencies  we  confirm 
earlier  ideas  about  the  the  origin  of  the  EPR  linewidth. 

2.  Experimental  Details 

The  samples  were  made  from  (111)  oriented  wafers,  resistivity  5-8  kQ-cm,  polished  on  both 
sides  to  a  thickness  of  5-6  mil.  Prior  to  oxidation,  the  wafers  were  cleaved  into 
2mmx20mm  strips,  then  were  cleaned  using  standard  procedures.  The  purpose  of  cleaving 
prior  to  oxidation  was  to  minimize  the  EPR  signal  from  the  cleaved  edges.  We  found  that 
cleaning  and  oxidizing  the  cleaved  edges  greatly  reduces  this  signal,  compared  to  cleaving 
after  oxidation.  Unfortunately  some  residual  edge  damage  signal  is  still  present.  An  addi¬ 
tional  step  of  lightly  etching  the  edges  of  the  samples  prior  to  oxidation  may  have  been  able 
to  reduce  this  signal  further,  but  we  found  that  after  oxidation  the  usual  etchant  was  inef¬ 
fective. 

The  samples  were  initially  oxidized  in  atmospheric-pressure  dry  oxygen  of  normal 
isotopic  ratio  at  800°C  for  approximately  5.25  hours,  to  a  thickness  of  approximately  140 
A.  Following  this,  all  samples  received  futher  oxidation  at  8(X)®C  and  38  mbar  for  approx¬ 
imately  5  hours  in  either  normal  oxygen  or  in  oxygen  that  was  isotopically  enriched  to 
55.65%  '^O,  adding  about  40  A  to  the  oxide  thickness.  The  interfacial  region  is  formed 
during  the  second  oxidation  step,  with  the  isotopic  make-up  of  the  oxide  at  the  interface 
equal  to  that  of  the  gas^.  EPR  measurements  were  performed  on  Bruker  ER-200  systems 
at  X-band  (10  GHz)  and  S-band  (4  GHz)  at  room  temperature.  The  concentrations  of  Pb 
centers  in  the  normal  and  '^O-enriched  samples  were  the  same  within  10%,  about 
3.7  X  lO'^cm'2,  determined  by  double  numerical  integration  and  comparision  with  a  cali¬ 
brated  ruby  standard. 

3.  Results 

Most  studies  of  the  Pb  center  have  been  performed  at  10  GHz  or  20  GHz.  However,  as  a 
general  rule,  weak  hyperfine  interactions  are  better  resolved  the  lower  the  microwave  fre¬ 
quency.  This  is  because  the  hyperfine  splitting  (in  magnetic  field  units)  is  independent  of 
frequency,  while  some  other  sources  of  broadening,  such  as  inhomogenous  broadening 
caused  by  random  variations  in  the  defect  structure,  are  proportional  to  frequency.  To  de¬ 
termine  which  broadening  mechanism  dominates  the  linewidth  of  the  Pb  center,  we  per¬ 
formed  measurements  on  the  same  samples  at  both  S-band  (4  GHz)  and  X-band  (10  GHz). 
Although  multi-frequency  data  exist  in  the  literature,  in  the  form  of  X-band  (10  GHz)  and 
K-band  (20  GHz)  measurements  by  different  groups,  this  is  the  first  time  multi-frequency 
measurements  have  been  performed  on  identical  samples.  This  is  important  because  the 
linewidth  of  the  Pb  center  varies  depending  on  defect  concentration*  and  other  processing 
conditions. 

Comparisons  of  4  GHz  and  10  GHz  measurements  of  the  Pb  center,  prepared  with  either 
normal  or  *^0-enriched  oxygen,  are  shown  in  Figures  1  and  2.  These  spectra  are  plotted  in 
a  somewhat  unconventional  fashion:  Each  curve  is  the  difference  between  spectra  taken  with 
the  magnetic  field  parallel  to  [  1 1 1  ]  direction  and  with  the  field  normal  to  this  direction.  The 
spectrum  thus  appears  as  a  superposition  of  the  resonance  with  Hll[lll]  and  an  inverted 
resonance  with  Hl(lll].  This  allows  the  re.sonaces  from  both  orientations  to  be  displayed 
simultaneously. 
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1.  Comparison  of  10  GHz  and  4  GHz 
spectra  of  Pb  centers  in  samples  grown  in 
normal  oxygen.  The  spectra  have  been 
shifted  along  the  field  axis  to  align  them  at 
gii=2.00l6.  The  peak-to-peak  width  of  the 
gii  resonances  are  the  same  at  the  two  fre¬ 
quencies,  within  experimental  error.  Note 
that  the  data  are  EPR  spectra  at  two  differ¬ 
ent  orientations,  sub'racted  to  eliminafe 
background  signals  and  to  allow  display  of 
both  orientations  on  the  same  curve.  The 
gi  resonance  (toward  lower  field)  therefore 
appears  inverted.  The  4  GHz  spectrum  is 
slightly  distorted  on  the  high  field  side  by 
a  background  signal  that  did  not  subtract 
completely. 


H  (gauss) 
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sMctra  of  Pb  centers  in  samples  grown  in 
'‘O-enriched  oxygen.  The  field  axes  are  ar¬ 
ranged  so  that  the  spectra  arc  aligned  at  gn. 
Note  that  the  g±  linewidth  scales  with  fre¬ 
quency.  Sec  Figure  1  for  a  description  of  the 
line  shapes. 


For  the  normal-oxygen  samples,  we  find  the  linewidth  for  Hll[lll]  to  be  the  same, 
within  experimental  error,  at  4  and  10  GHz  (Figure  1).  (The  shoulder  on  the  high-field  side 
of  the  S-band  spectrum  is  a  background  artifact.)  This  confirms  earlier  assertions^  that  this 
linewidth  results  from  either  unresolved  hyperfine  or  dipolar  interactions.  Thus,  there  ap¬ 
pears  to  be  no  advantage  in  going  to  lower  frequency  for  the  present  study,  since  there  is 
no  reduction  in  the  intrinsic  linewidth  and  therefore  no  expected  improvement  in  resolving 
the  individual  '^O  hyperfine  lines. 

For  '^0-enriched  samples,  the  linewidth  for  Hll[lll]  is  independent  of  frequency,  as 
expected  for  hyperfine  broadening.  The  Hl[lll]  resonance,  however,  is  considerably  nar¬ 
rower  at  S-band,  confirming  the  idea^  that  at  X-band  (and  higher  frequencies)  this  linewidth 
is  determined  by  g  variations. 

The  X-band  EPR  spectrum  of  Pb  centers  from  an  '^O  enriched  interface  is  shown  in 
Figure  3,  which  compares  the  spectrum  from  a  sample  grown  in  normal  oxygen  under 
identical  conditions.  The  feature  on  the  low  field  side  is  the  resonance  due  to  the  scribed 
edges  of  the  Si  substrate,  and  does  not  concern  us  here. 
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Tl'.e  broadening  of  the  resonance  due  to  is  apparent.  The  '^0-enriched  spectrum  in 
Figure  3  also  exhibits  faint  shoulders  visible  especially  on  the  high  field  side.  TTiese  may 
be  partially  resolved  hyperfine  structure,  but  this  interpretation  must  await  confirmation  and 
further  analysis.  Brower*®,  who  was  the  first  to  report  the  ’’O  hyperfine  broadening  of  the 
Pb  center,  did  not  observe  this  structure.  However,  we  see  from  Figure  2  that  the  S-band 
spectrum  also  hints  at  such  structure. 

Lacking  unambiguously  discernible  hyperfine  structure,  we  will  not  make  at  this  point 
any  attempt  at  a  precise  determination  of  the  positions  of  oxygen  atoms  around  the  dangling 
bond.  Nonetheless,  we  are  able  to  address  the  simpler  question  of  how  many  oxygens  are 
interacting  with  the  dangling  bond,  without  mapping  their  precise  positions. 

Our  analysis  relies  on  the  fact  that  the  *’0  enrichment  of  the  interface  is  only  about 
50%.  From  this,  it  follows  that  some  percentage  of  the  dangling  bond  sites  must  involve 
only  *®0  (1=0).  The  percentage  will  depend  exponentially  on  the  number  of  oxygen  atoms 
which  are  part  of  the  structure  of  the  Pb  center.  If  N  oxygen  atoms  comprise  the  oxide  side 
of  the  Pb  center,  then  for  an  *’0  enrichment  e  the  fraction  of  sites  with  only  '®0  nuclei  will 
be  ( 1  -  £)'''.  This  gives  the  fractional  intensity  of  the  expected  central  (non  hyperfine- 
broadened)  line.  The  spectrum  in  the  ”0-enriched  sample  should  consist  of  a  central  line 
with  this  intensity,  with  the  remainder  of  the  signal  in  a  a  broader  background  arising  from 
those  sites  with  one  or  more  '^O  nuclei.  This  broad  component  would  consist  of  a  series  of 
resolved  lines  if  the  number  N  of  oxygen  atoms  is  small  and  their  positions  relative  to  the 
defect  arc  the  same  at  every  defect.  It  will  be  of  gaussian  shape  if  a  large  number  of  oxygens 
are  involved  or  if  their  position  varies  from  site  to  site  so  that  the  individual  resonances 
cannot  be  resolved. 

To  separate  these  two  components  we  performed  a  simple  fourier-transform  deconvo¬ 
lution  and  digital  filtering,  using  the  uncnriched  spectrum  as  the  deconvolution  function. 
The  result  is  shown  in  Figure  4.  We  obtain  a  sharply  peaked  spectrum,  with  broad  wings. 
The  resolution  of  our  deconvolution  procedure,  given  our  particular  choice  of  digital  filtering, 
is  shown  in  the  figure.. 
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4.  Deconvolution  of  the  EPR 
spectrum  of  Pb  centers  in 
'^0-enriched  oxide.  The  fit  to 
a  sum  of  lorentzian  and 
gaussian  components  is  .shown. 
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Magnetic  Field  (G) 

We  find  that  the  deconvolved  line  can  be  very  accurately  described  as  a  sum  of  two 
lines:  a  broad  gaussian  and  a  narrower  lorentzian  as  illustrated  in  Figure  4. 

We  interpret  the  gaussian  component  as  the  envelope  of  the  hyperfme  lines  for  those 
sites  with  one  or  more  '^0  nuclei  near  the  defect.  Comparing  the  integral  of  this  line  with 
that  of  the  central  line  (the  lorentzian  component)  we  find  that  the  hyperfine-broadened 
component  of  the  spectrum  is  56%  of  the  total.  This  is  in  preci.se  agreement  with  the  pre¬ 
dicted  value  if  each  Pb  center  interacts  predominantly  with  only  one  oxygen  atom.  Because 
the  hyperfine  structure  appears  as  only  a  broad  gaussian  line,  not  as  individual  resolved  lines, 
the  position  of  this  single  oxygen  must  vary  randomly  from  one  defect  site  to  the  next.  In 
this  sense,  the  structure  of  the  Pb  center  is  not  precisely  that  suggested  by  Pantelide.s5  in 
which  an  oxygen  atom  sits  directly  over  and  is  bonded  to  the  silicon  atom,  the  oxygen  thus 
being  3-fold  coordinated.  Calculations' '  and  experiment have  indicated  that  the  interaction 
with  the  oxygen  atom  would  be  too  strong  in  this  configuration.  According  to  our  results, 
the  mean  hyperfine  coupling  A, so  of  the  dangling  bond  to  the  oxygen  is  only  about  2.5  gauss, 
corresponding  to  only  about  0.15%  wave  function  amplitude  on  the  oxygen  2s  orbital. 

It  is  possible  that,  because  of  the  noise  present  in  the  data,  our  deconvolution  procedure 
is  not  capable  of  resolving  the  hyi)erfine  lines  individually;  we  are  pre.sently  exploring  other 
deconvolution  methods.  If  such  individual  hyperfine  lines  can  be  re.solved  it  will  enable  a 
more  preci.se  determination  of  the  position  of  the  oxygen  atom  and  the  distribution  of  the.se 
positions.  This  will  not  change  the  main  conclusion  of  this  paper  which  is  that  the  dominant 
interaction  is  with  a  single  oxygen. 

As  explained  above,  the  sites  with  only  "’O  are  expected  to  give  an  unbroadened  central 
line.  We  interpret  the  lorentzian  component  in  Figure  2  as  this  central  component.  While 
a  naive  model  predicts  that  this  line  should  appear  as  a  delta  function,  the  additional  broad¬ 
ening  could  result  from  a  variety  of  causes,  such  as  hyperfine  interactions  with  more  distant 
'^O  in  the  oxide  bulk,  or  .superexchange  with  nearby  defects  mediated  by  these  '^O 
nuclei'-^. 

Going  back  to  Figure  ,3,  wc  illustrate  (by  the  dashed  line)  the  simulation  of  the 
'^0-cnrichcd  .spectrum  ba.scd  on  the  above  deconvolution.  To  generate  this  curve,  the  fitted 
deconvolution  (sum  of  lorentzian  and  gaussian)  was  convolved  with  the  spectrum  of  the 
unenriched  .sample.  The  fit  to  the  original  data  for  the  enriched  .sample  is  quite  good,  in¬ 
cluding  the  shoulder  at  3425  G,  demonstrating  the  internal  consi,stcncy  of  our  deconvolution. 
Note  that  the  Si  edge  damage  is  not  included  in  the  model,  so  the  fit  is  not  expected  to  match 
the  data  in  this  region. 


1426 


ICDS-16 


4.  Summary 

In  conclusion,  our  analysis  of  the  EPR  spectrum  of  the  Pb  center  in  a  partially  '^0-enriched 
oxide  shows  that  the  Pb  center  dangling  bond  interacts  weakly  with  a  single  oxygen  atom. 
Within  the  re,solution  of  our  analysis,  the  po.sition  of  this  oxygen  atom  relative  to  the  dan¬ 
gling  bond  is  not  well-defined,  but  varies  randomly  from  site  to  site. 
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ABSTRACT 

The  Interface  states  created  at  the  <100>  Sl-SiO^  interface  by  the  injection 
of  electrons  from  the  substrate  under  the  application  of  a  high  electric  field 
(8-10  MV/cm)  across  the  oxide  are  studied  by  deep  level  transient  spectroscopy 
(DLTS) .  The  temperature  and  field  dependence  of  the  creation  mechanism  arc. 
investigated.  For  an  oxide  field  above  a  critical  value  of  8. 3-8. 9  MV/cm  and 
stress  at  low  temperature  (lOOK),  defects  are  only  created  in  the  range 
0.2-0. 3  eV  below  the  conduction  band  (  "Pj^g-like"  defects),  while  at  lower 
field  both  "P^g-like"  and  "P^^-like"  (at  energy  0.4-0. 5  eV)  are  created 
together.  However,  in  the  former  case,  a  long-term  time-dependent  formation  of 
"Pj^j-like"  defects  during  storage  at  room  temperature  after  the  damaging 
source  has  been  tumed-off  is  evidenced. 


1.  Introduction 

The  electronically  active  defects  generated  in  MOS  devices  are  known  to  reduce 
the  lifetime  of  VLSI  circuits.  For  instance,  the  high  electric  field  applied 
into  the  gate  oxide  of  EEPROM,  leads  to  degradation  of  device  performances 
because  the  stress  generates  defects  at  the  Si-SiOj  interface  and  into  the 
oxide.  With  the  reduction  of  oxide  thicknesses  the  knowledge  of  the  effects 
induced  by  high  electric  field  stress  (HEFS)  is  an  important  challenge  for  the 
reliability  of  deep- •.'ubmicronic  devices.  However,  despite  the  fact  that  this 
subject  has  gained  a  great  interest  these  last  10  years,  the  creation 
mechanism  as  well  as  the  microscopic  nature  of  these  HEFS-induced  interface 
defects  are  not  fully  understood.  Two  main  mechanisms  involve  the  role  of 
Interfacial  trapped-holes  [1,2]  or  the  diffusion  of  hydrogen-related  species 
in  the  oxide  towards  the  interface  [3-6]  as  the  precursors  for  the  interface 
state  creation.  Concerning  the  nature  of  these  HEFS-induced  defects,  some 
work  have  pointed-out  the  possible  relation  with  the  trivalent  silicon  defects 
(Si  dangling  bond,  the  so-called  P^  center)  at  the  Si-SiO^  interface  [7-10] 
but  no  definitive  picture  emerges  at  the  moment.  It  has  also  been  emphasiised 
that  a  long-term  time-dependent  evolution  of  interface  states  takes  place 
after  the  source  of  HEFS  or  ionizing  radiation  has  been  tumed-off  [11-14]. 

This  paper  gets  new  insights  on  the  stress  temperature  and  oxide  field 
dependences  of  the  creation  mechanism  of  the  HEFS-induced  interface  defects. 
The  possible  nature  of  these  defects  will  be  discussed  in  the  light  of  the  P^ 
center  properties  at  the  <100>  Si-SiOj  interface. 
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2.  Devices  and  experiments 

The  n-type  (phosphorous  doped  to  2. 5x10^^ cm' ^ )  MOS  capacitors  were  fabricated 
on  <100>  oriented  Si  surfaces  by  dry  oxidation  at  1050 *C  resulting  in  an  oxide 
thickness  of  750A.  Oxydation  was  followed  by  a  post  oxidation  anneal  (POA)  in 
Nj+Hj  at  400  C  during  1  hour.  Aluminium  gate  was  evaporated  and  followed  by  a 
post  metallization  anneal  (PMA)  in  forming  gas.  For  the  sake  of  comparison 
with  the  properties  of  P^^  centers,  as-oxidized  samples  have  been  made  with  a 
similar  oxidation  process,  except  for  the  POA  and  PMA  in  order  to  achieve  a 
high  density  of  P^^  centers  [15]. 

The  HEFS  were  performed  by  Fowler-Nordheim  tunnelling  (FNT)  injection  of 
electrons  from  the  Si  substrate  (positive  bias  on  the  gate)  under  a  constant 
gate  voltage  mode.  The  average  oxide  fields  were  in  the  range  8. 3-8. 9  MV/cm 
and  the  time  variation  of  the  injected  current  was  measured  by  a  HP4140 
picoamperemeter  and  integrated  to  give  the  injected  charges.  The  sample  were 
mounted  in  a  continuous-flow  liquid  nitrogen  cryostat  (Biorad-Polaron  DL4960) 
to  perform  the  stress  in  the  temperature  range  100  to  450K  and  the  DLTS 
measurements.  High-frequency  (IMHz)  capacitance-voltage  (HFCV)  characteristics 
were  systematically  performed  to  test  the  electrical  quality  of  the  devices. 
The  measurement  of  the  energy  distribution  of  the  interface  state  density 
Dj^(E)  and  electron  capture  cross-section  were  carried  out  by  deep  level 
transient  spectroscopy  [16,17].  We  have  also  used  the  HFCV  measurement  at  low 
temperature  (lOOK)  (Jenq  method  [18])  to  measure  the  energy-integrated  state 
density  after  having  performed  stress  at  low  temperature  (LT)  and  to  avoid  the 
extra-generation  of  interface  states  during  the  warm-up  of  the  stressed 
samples  to  room  temperature  (RT)  [1].  Charge  trapping  in  the  oxide  films  was 
determined  from  the  mid-gap  voltage  shift  measured  by  the  HFCV. 


3.  Results  and  discussion 

Figure  1  shows  the  increase  of  the  interface  state  density  measured  at 
several  energies  below  the  CB  for  sample  having  received  an  electron  injection 
fluence  of  =5.6x10'* cm'*  at  an  oxide  field  Ep^=8.3MV/cm.  DLTS  measurements 
have  been  made  after  RT  unnealing  of  the  stressed  sample  during  1  hour.  This 
time  is  long  enough  to  obtain  a  stabilized  state  density.  These  results 
include  the  generation  of  defects  during  RT  anneals  [1,19].  The  generation  of 
interface  states  by  the  HEFS  alone  is  measured  by  the  Jenq  technique  [18] 
immediately  after  the  stress  (fig.  1).  Basically,  the  creation  mechanism  is 
thermally  activated  above  180K,  and  at  lower  temperatures  the  generation  of 
interface  states  takes  place  during  the  RT  anneal  after  the  HEFS  has  been 
tumed-off.  Thermally  activated  creation  has  been  also  reported  by  DiMaria  et 
al.  [6]  for  electron  traps  creation  at  higher  injected  charge  fluences.  We 
have  recently  reported  [20-22]  that  these  results  at  temperatures  above  180K 
are  consistent  with  the  model  involving  the  diffusion  of  hydrogen-related 
species  released  at  the  anode  side  by  hot-electrons  which  pill-up  at  the 
Si-SiOj  interface  where  they  are  able  to  create  defects. 
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Figure  1  :  as  a  function  of  the  inverse  of  the  stress  temperature 

measured  immediatly  after  the  HEFS  and  after  RT  annealing. 


In  this  paper  we  focusse  on  the  mechanism  responsible  for  the  formation  of 
interface  during  RT  anneal  after  HEFS  performed  at  low  temperature  (lOOK). 
Figure  2  show  the  LT-CV  obtained  at  oxide  fields  E^j|=8. 3MV/cm  and  8.9MV/cm. 
For  HEFS  at  8.3MV/cm  the  following  features  emerge  :  we  have  not  detected  any 
significant  positive  charge  generation  after  stressing.  Only  a  weak  positive 
charge  could  be  deduced  from  the  CV  shift  corresponding  to  less  than  4.8x10^° 
positive  charges/cm^.  This  charge  is  one  decade  lower  than  the  Interface  state 
density  generated  by  the  subsequent  RT  anneal  during  Ih  as  shown  by  LT-CV  and 
DLTS  measurements  (fig.  3).  We  therefore  conclude  that  the  trapped  hole  model 
[1,2]  does  not  satisfactorily  explain  our  results.  In  this  model  the 
generation  of  interface  states  is  ascribed  to  a  transformation  process  from 
interfacial  positive  charges  (trapped  holes)  generated  during  the  HEFS  which 
turn  into  interface  states  during  the  RT  anneal  [1,2].  DLTS  measurements  (fig. 
3)  show  that  interface  states  are  created  in  the  wide  energy  range  in  the 
upper  mid-gap.  We  have  recently  reported  [10]  that  the  energetical 
distribution  and  the  isochronal  anneal  properties  of  theses  HEFS-induced 
interface  states  are  strictly  similar  to  those  of  the  <100>  centers 
measured  by  DLTS  on  as-oxidized  samples.  However,  the  energetical  dependences 
of  their  electron  capture  cross-sections  are  different  .  We  have  suggested 
that  HEFS-induced  defect  should  be  a  non-isolated  P^-center,  i.e.  a  P^  defect 
with  an  unknown  species  X  in  its  neighboring  sites  (P^-X).  The  presence  of 
this  species  X,  interacting  with  P^^  would  be  expected  to  stiffen  the 
interatomic  forces,  leading  to  a  strong  modification  of  the  capture 
cross-sections.  This  (P^-X)  model  is  consistent  with  the  similarity  of  the 
state  density  distributions  of  the  HEFS  and  as-oxidized  samples  because  the 
number  of  defects  sites  at  the  <100>  Si  surfaces  are  equal  in  both  cases.  If 
the  interaction  between  P^  and  X  is  not  too  strong,  the  annealing  properties 
of  a  (Pb“X)  defect  would  resemble  that  of  the  sole  P^  center. 
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Figure  2  :  Low  temperature  CV  curves  measured  on  unstressed  samples, 
immediately  after  the  HEFS  and  after  RT  annealing, 

(a)  HEFS  at  an  oxide  field  of  8.3  MV/cm,  (b)  8.9  MV/cm. 
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Figure  3  :  DLTS  spectra  measured  on  unstressed  sample  and  after  different 

times  of  RT  anneal  :  (a)  E^^sg.}  HV/cm,  RT  anneal  Ih  (b)  8.9MV/cm, 
RT  anneals  Ih  and  ~1400h.  Squares  are  the  states  generated  after 
the  first  Ih  RT  anneal. 
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A  very  different  behavior  is  observed  for  the  HEFS  stress  at  8.9MV/cm.  A  large 
interfacial  positive  charge  .  '^cm'^)  is  generated  by  the  low  temperature 

stress  (fig.  2).  Ttiis  positive  irge  decreases  after  RT  anneal  during  Ih 

while  the  density  of  interface  ate  increases.  This  behavior  is  consistent 

with  the  earlier  experiments  in  favor  of  the  trapped  hole  model  [lf2].  In  our 
work.  DLTS  measurements  have  shown  more  interesting  features  (fig.  3).  After 
RT  anneal  during  1  hour,  states  are  only  generated  in  the  range  0.2-0. 3  eV 
below  CB.  This  energy  corresponds  to  the  characteristic  energy  of  the 
centers  at  the  <100>  Si  surface  [23,24]  and  in  the  light  of  our  earlier 
results  (recalled  above)  [10]  we  call  this  defect  "Pj^g-like"  in  the  following. 
After  storage  at  RT  during  ~1400h.  we  have  observed  that  additional  interface 
states  have  appeared  in  the  range  0.4-0.5eV.  By  substracting  the  two  DLTS 
curves,  we  observe  that  these  interface  states  exhibit  a  density  peaked  at 
~E^-0.4eV  (fig.  3,  squares).  This  energy  distribution  resemble  that  of  the 
center  measured  at  E^-0.42  eV  ±  0.02  eV  by  DLTS  on  our  as-oxidized  samples 
[24].  We  call  this  HEFS-induced  defect  a  "P^j-like"  defect.  Moreover,  during 
this  long  time  storage  at  RT,  the  positive  charge  has  completely  disappeared 
as  shown  by  the  LT-CV  measurement  (fig.  2). 


4.  Conclusions 

We  have  found  that  a  critical  electric  field  (between  8.3  and  8.9  MV/cm) 
separates  two  behaviors  for  the  creation  of  defects  in  MOS  structures 
submitted  to  HEFS.  Below  it,  no  interfacial  positive  charge  is  created  during 
the  stress  at  low  temperature  and  both  "P^g-like"  and  "P^j-like"  defect  are 
created  by  RT  anneal.  This  creation  is  completed  after  a  1  hour  anneal  and 
DLTS  measurement  performed  after  one  year  storage  at  room  temperature  have 
given  the  same  state  density.  Above  it,  the  generation  of  positive  charge  is 
evidenced  and  a  transformation  process  of  this  charge  into  interface  states  is 
observed  as  predicted  by  the  trapped  hole  model  in  agreement  with  earlier  work 
[1,2].  However,  a  "P^g-likc”  defect  is  rapidely  created  (after  1  hour  anneal 
at  RT),  while  we  have  observed  a  long-term  time-dependent  (~1400  hours) 
creation  of  a  "P^j-like"  defect.  Our  results  on  the  long-term  time-dependent 
creation  of  interface  defects  are  not  similar  to  those  reported  by  Ha  and 
coworkers  [11-14].  Over  the  same  time  period  (~1000-2000  h)  they  have  observed 
a  decrease  of  interface  states  peaked  at  'vE,+0.75eV  associated  with  the 
appearance  of  a  peak  at  ''E,>0.35eV.  Our  DLTS  measurements  are  not  able  to 
investigate  states  below  mid-gap  on  n-type  NOS  capacitors  but  we  have  observed 
an  increase  of  the  states  at  <^£^-0.4  eV  in  contrast  with  the  results  of  Ma  and 
coworkers.  However,  quite  similar  results  to  those  shown  in  fig.  3  have  been 
observed  on  irradiated  samples  [25].  It  is  intersting  to  notice  that  both 
damage  processes  yield  similar  defect  creation  laechanism.  More  extensive 
measurements  (detailed  time-dependent  creation  kinetics,  gate  bias  and 
temperature  effects...)  are  under  progress  to  analyse  the  mechanism 
responsible  for  the  behavior  evidenced  in  the  present  work. 
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ABSTRACT 

Reactive  Ion  Etching  (RIE)  of  Silicon  introduces  interstitial  defects  into  two  distingt  regions  of 
the  near  surface  of  the  material.  The  surface  damage  region  extends  to  lOOOA  below  the 
surface,  contains  a  high  concentration  of  interstitial  defects  (Sii.Cj  andB;),  and  exhibits  donor 
characteristics.  The  defect  reaction  region  is  created  by  the  diffusion  of  interstitial  defects  into 
the  bulk  where  they  are  trapped  by  impurities,  forming  associates.  The  extent  of  these 
associative  defect  reactions  depends  on  the  concentration  of  impurities  and  their  interaction 
distances,  and  is  observed  to  depths  >1  p.m.  Photoluminescence  (PL)  experiments  reveal  the 
recombination  enhanced  diffusion  of  Cj  into  this  second  region  where  it  is  trapp^  by  O,  in 
Czochralski  grown  Si,  forming  CjOj  defect  pairs  with  a  diffusion  length  of  500 A.  In  float- 
zoned  Si,  carbon  is  the  dominant  impui.ty,  and  the  formation  of  CsCj  pairs  is  observed  with  a 
diffusion  length  of  5000  A.  Spreading  Resijumce  (SR)  measurements  allow  the  investigation  of 
the  reaction  Isochronal  anneals  indicate  that  these  carbon,  oxygen  and  boron 

interstitial  defects  recover  by  400  ®C. 

Introduction 

Reactive  ion  etching  (RIE)  is  a  key  process  for  pattern  transfer  in  semiconductor  device 
technology.  The  anisotropic  nature  of  RIE  is  critical  for  the  realization  of  silicon  submicron 
design  specifications.  This  work  shows  that  the  physical,  electrical,  and  chemical  reactions  in 
the  near  surface  region  of  RIE  processed  silicon  introduce  interstitial  defects  which  control  the 
properties  of  the  underlying  device  material. 

Impurity  implantation  displacement  damage  at  the  energies  jusea  for  RIE  (100-400  eV)  is 
estimated  to  be  contained  in  a  surface  region  less  than  50  A.  In  addition  to  pure  physical 
processes,  RIE  includes  chemical  interactions  of  the  etching  species  which  result  in  the 
weakening  and  breaking  of  Si  bonds  and  which  add  to  the  extent  of  the  damage.  The  relevant 
literature  presents  conflicting  pictures  of  the  type  and  depth  of  RIE  damage.  Measurements  of 
current-voltage  characteristics  and  Schottky  Barrier  heights  show  that  RIE  affects  the  electrical 
properties  of  Si,  introducing  donors  at  the  etched  surface.^'^  Other  electrical  experiments*^' 
have  described  the  depths  of  RIE  induced  defect  penetration  from  200A  to  7pm.  Transmission 
electron  spectroscopy  CJEM)  has  shown  a  modified  silicon  layer  containing  lattice  damage  at 
depths  exceeding  3()0OA.*®'  Earlier  photoluminescence  (PL)  results**'  indicate  that  defects  are 
confined  to  within  2(X)A.  The  understanding  of  the  interstitial  defect  reactions  which  occur 
during  RIE  provides  the  explanation  for  these  perplexing  anomalies. 

We  have  previously  reported*^'  **'  that  silicon  surfaces  reac^tive  etched  in  plasmas  consist  of  two 
distinct  regions,  a  surface  damage  region  extending  1(X)0A  from  the  surface  and  a  point  defect 
reaction  region  which  can  extend  to  depths  >lpm.  In  this  work  we  survey  the  interstitial  defect 
reactions  with  occur  during  RIE  and  monitor  their  recovery. 
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Experimental  Procedure 

Samples  used  in  these  studies  were  Czochralski  (CZ)  and  floating  zone  (FZ)  Si  doped  with  either 
boron  or  phosphorus  at  10*'*- 10*®cm.“^  Reactive  ion  etching  in  either  CF4  +  8%02, 
SF6  +  8%02,  or  SiCl4  was  performed  in  a  commercial  parallel  plate  reactor.  The  reactor 
parameters  were,  a  gas  flow  rate  of  10  seem,  chamber  pressure  of  150  mtorr,  rf  power  of  250 
watts,  dc  bias  of  175  volts,  electrode  temperature  of  18°C,  pump  down  time  of  1  hour  and  a  base 
pressure  of  2xl0~®torr. 

Immediately  after  RIE,  the  samples  were  immersed  in  liquid  helium  for  PL  measurements.  The 
spectrometer  consisted  of  a  0.75  meter  monochromator  with  a  liquid  nitrogen  cooled  Ge  detector 
and  an  argon-ion  laser  (5 14  nm).  After  PL,  the  samples  were  beveled  at  an  angle  less  than  0.5°, 
and  the  carrier  concentration  was  measured  to  4pm  depths  using  a  Solid  State  Measurements  150 
spreading  resistance  system. 

Isochronal  anneals  were  performed  in  flowing  argon.  To  prevent  contamination,  samples  were 
cleaned  using  a  solvent  degreasing  step  followed  by  a  dilute  HF  dip,  and  then  placed  between 
between  two  silicon  wafers  during  heat  treatment. 


Results 

It  is  important  to  understand,  when  characterizing  plasma  etched  silicon,  that  theje  are  two 
distinct  regions  of  damage.  The  shallow  surface  damage  region  is  confined  to  lOOOA,  is  highly 
defective,  and  is  a  source  of  self-interstitials.  Rutherford  Backscattering  daja  on  silicon  etched 
in  CF4  +  8%02  indicates  the  presence  of  3%  F  atoms  in  the  first  lOOOA,  and  transmission 
electron  microscopy  shows  a  high  density  of  extended  defects  in  this  same  region^*^.  Current- 
voltage  traces  exhibit  high  leakage  current  in  the  reversed-biased  direction  until  lOOOA  have 
been  removed  from  the  RIE  treated  silicon  surface,^’^**^  indicating  the  presence  of  generation- 
recombination  centers  in  this  region.  The  enhancement  of  p-type  Schottky  barrier  heights  after 
RIE  has  b’.  ’-;  explained  as  the  formation  of  compensating  donors.^*^  Spreading  resistance 
measurcmt:'  s  converted  to  carrier  concentrations  indicate  the  presence  of  donors  in  the  near 
surface  region  in  n-and  p-type  silicon  reactive  etched  in  CF4,  SFe  or  SiCl4. 
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Figure  1.  PL  spectra  of  silicon 
Reactive  Ion  Etched  in 
CF4  +  8%02.  The  G-line  iCiCs)  is 
present  in  FZ  material  and  the  C- 
line  (Cj  Oj )  js  observed  in  CZ  Si. 
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An  examination  of  PL  spectra  taken  on  silicon  after  RIE  in  any  of  the  above  mentioned  gases 


gives  evidence  of  the  presence  of  interstitial  related  defects.  The  PL  spectra  of  p-type  silicon 
after  RIE,  shown  in  Figure  1,  are  representative  of  all  our  samples.  The  boron  bound  exciton 
peak  and  its  phonon  replicas  are  seen  in  the  energy  range  1.0  to  1.2  eV  and  are  present  in  the 
control  samples  before  RIE.  After  plasma  processing,  the  Si  PL  spectrum  includes  the  G-line, 
969  meV,  which  has  been  identified  as  the  interstitial  carbon  complex,  and/or  the  C- 

line,  790  meV,  proven  to  be  the  CjOi  pair.^*”'  Depth  profiles  were  obtained  by  anodic  oxidation 
of  the  sample  followed  by  an  HF  oxide  strip  which  sequentially  removed  layers  of  250 A 
thickness.  PL  measurements  suggest  a  high  concentration  of  nonradiative  centers  in  the  surface 
damage  region  which  dominate  the  luminescence  process.  The  composite  results  of  the 
electrical  and  optical  measurements  verify  that  a  high  concentration  of  defects  are  created  in  the 
near  surface  region  by  RIE  and  that  it  acts  as  a  source  of  interstitial  defects. 


Figure  2.  Photoluminescence  peak 
intensity  ratio  versus  depth  in  Si 
after  RIE  in  CF4  +  8%02.  In  CZ 
material,  the  C-line  (Ci-Oj)  data 
is  presented;  in  FZ  Si,  the  G-line 
(Ci-Cs)  is  plotted. 
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In  addition  to  the  surface  damage  region,  a  second  drfect  reaction  region  has  been  detected  in 
previous  PL  experiments.^^'  Figure  2  summarizes  the  supporting  data.  Relative  defect 
concentrations  of  CjC,  and  CiO,  are  plotted  as  a  function  of  depth  from  the  Si  surface  after 
RIE  in  CF4.  The  relative  concentrations  are  determined  by  computing  the  ratio  of  the  G-line  or 
the  C-line  to  the  Bxa  phonon  replica  intensity..  The  exponential  decay  of  these  defect 
concentrations  suggests  a  trapping  mechanism.  Interstitial  carbon,  Cj,  created  near  the  surface 
by  the  RIE,  diffuses  into  the  bulk  of  the  Si  where  it  is  trapped  by  oxygen  in  CZ  material,  forming 
CjOi  pairs;  or  trapped  by  carbon  in  FZ  silicon,  making  CjCj  defects.  The  trapping  length  for 
these  reactions  is  estimated  using  the  relationship 


Lc  =  (Dc*xc.)"’ 


(1) 


where  Dc.  is  the  diffusivity  of  interstitial  carbon  in  Si  and  Xc,  is  the  time  constant  for  the 
diffusion  limited  capture  kinetics  which  is  inversely  related  to  the  reaction  radius  for  pair 
formation,  R,  and  the  concentration  of  the  trapping  impurity,  [I], 


Xc.  =  (47tRDc.[I])-''^  (2) 

0 

Substitution  of  a  1 A  reaction  radius  for  interstitial  trapping  by  a  neutral  impurity  and  an  oxygen 
concentrayon  of  10*®cm“^  in  CZ  Si  gives  a  diffusion  length  for  the  formation  of  CjO;  of 
Ld  =  500A.  Employing  the  same  reasoning  to  estimate  the  d^pth  of  CjC,  formation  in  FZ  Si 
containing  10*®cm“^  substitutional  carbon  yields  Lp  =  5000A.  The  predominant  defect  product 
depends  on  the  branching  ratios  which  is  discussed  in  following  section.  We  conclude, 
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therefore,  that  the  size  of  the  defect  reaction  region  formed  by  RIE  is  governed  by  interstitial 
pair  formation  and  is  dependent  on  the  impurity  concentrations  present  in  the  starting  material. 


Figure  3.  Carrier  concentration 
profiles  of  boron  doped  FZ  Si  after 
RIE.  The  depth  of  the  donor 
concentration  varies  with  isochronal 
(20  min.)  anneal,  showing  the  two 
separate  defect  regions. 


-101234 
Depth  (/um) 

Evidence  for  additional  interstitial  defect  reactions  is  seen  in  the  spreading  resistance 
measurements  of  boron  doped,  reactive  etched  Si.  The  carrier  concentration  profiles  of  p-type, 
FZ  Si  etched  in  SiCl4  are  presented  in  Figure  3.  The  data  are  presented  for  the  sample  after  RIE 
and  after  20  minute  isochronal  anneals.  The  presence  of  two  separate  regions  of  dopant 
compensation  becomes  obvious  after  heat  treatments  at  50°C  and  100°C.  The  surface  damage 
region  is  confined  to  1000 A  and  rurvives  heat  treatment  at  400°C,  while  the  defect  reaction 
region  extends  >l^m  in  depth  and  recovers  by  200°C.  Comparison  of  SR  profiles  of  p-type  FZ 
samples,  [O]  =10'*cm“^,  with  CZ  silicon,  (O]  =10'®cm"^,  simultaneously  reactive  ion 
etched  verifies  that  the  depth  of  the  defect  reactions  depends  on  the  concentration  of  oxygen. 

The  defects  observed  by  SR  are  in  the  same  defect  reaction  region  as  the  defect  pairs  seen  by  PL, 
but  they  occur  only  in  boron  doped  Si  and  therefore,  cannot  be  CjCs  or  CjOj  pairs.  Based  on 
the  following  observations,  we  believe  that  the  SR  data  indicates  the  presence  of  BiOj  pairs. 

1.5 
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Figure  4.  Isochronal  annealing  o  i  o 
curves  of  the defect  taken  from  ^ 
the  SR  data,  and  of  C\Ci  pair  based  ^ 
on  PL  G-line  ratios.  g 
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First,  the  donor  defects  are  only  seen  in  p-type  material.  Second,  the  concentration  of  donors,  as 
measured  by  SR  after  annealing  at  100°C,  increases  with  the  concentrations  of  both  boron  and 
oxygen.  Simple  diffusion  length  calculations  using  equations  (1)  and  (2)  predict  BiO;  pair 
formation  at  depths  corresponding  to  the  observed  changes  in  carrier  concentrations.  And 
finally,  the  isochronal  annealing  data  shown  in  Figure  4  agrees  with  the  temperatures  of  growth 
and  recovery  published  for  the  B  jOj  pair  seen  by  Deep  Level  Transient  Spectroscopy  (DLTS)  in 
electron  irradiated  silicon.^* 

Discussion  and  Conclusion 

The  comprehensive  picture  of  the  interstitial  defect  reactions  in  reactive  ion  etched  silicon  has  its 
basis  in  the  DLTS  studies  of  high  energy  electron  irradiated  silicon^®'^'^l  The  process  of  RIE 
creates  self-interstitials  and  vacancies  in  the  surface  damage  region  of  the  silicon.  The  Si;  is 
then  captured  by  either  C*  or  Bj  to  produce  the  interstitial  defects,  Cjor  Bj,  by  the  replacemeij^t 
mechanism. The  pure  thermal  dif^fusion  of  these  elemental  defects  would  be  less  than  lOOA 
for  the  temperatures  and  times  typical  of  RIE.  However,  the  interstitial  defects  undergo 
recombination  enhanced  diffusion  caused  by  the  presence  of  ultraviolet  light  in  the  plasma.  The 
illumination  results  in  the  injection  of  minority  carriers  which  recombine  at  Cjor  Bj  resulting  in 
the  observed  long  range  diffusion^®^  of  these  defects  in  the  defect  reaction  region. 
Subsequently,  the  interstitial  atoms  are  trapped  by  the  background  impurities  forming  defect 
pairs  which  are  observed  experimentally.  The  depth  of  the  diffusion-limited  trapping  and  the 
probability  of  forming  specific  pairs  depends  on  the  relative  concentrations  of  the  reactants. 

The  reaction  hierarcies  determine  the  final  defect  products  produced  by  RIE.  The  carbon  branch 
in  both  n-  and  p-type  silicon  will  be 

Sii  +  Cj— >  Sij  +  Cj  (3) 

Ci  +  X-»  CjX  (4) 

where  X  is  oxygen,  carbon  or  phosphorus.  In  FZ  silicon,  RIE  produces  CjCs  which  anneals  at 
200°C  as  shown  in  Figure  4.  The  CjOj  pair  is  observed  in  CZ  material  and  anneals  at  4(X)“C. 
The  formation  of  CjPj  is  not  expected  during  REE  because  it  is  known  to  undergo 
recombination  enhanced  dissociation.^*'*^  The  Bj  display  parallel  reactions. 

Si;  +  B5— ^Sij  +  Bj  (5) 

Bi  X->  BjX  (6) 

where  the  reactant,  X,  is  oxygen,  carbon  or  boron.  In  low  resistivity  silicon  where  the 
concentration  of  boron  is  S5xl0**cm"^,  BjB,  pairs  are  expected,  but  to  date,  there  are  no 
experiments  on  this  system.  Spreading  resistance  measurements  give  evidence  that  Bj  does 
react  with  oxygen  creating  the  B  jOj  pair.  The  dissociation  of  this  pair  at  200“C  should  feed  the 
creation  of  the  BjB,  pair,  but  as  yet,  no  identifying  signal  has  been  detected.  The  BjB,  defect 
recovers  at  400‘’C. 

Reactive  ion  etching  modifies  the  electrical  and  optical  properties  of  silicon.  The  surface 
damage  region  contains  a  high  concentration  of  nonradiative  defects  which  are  generation- 
recombination  centers.  Interstitial  defects  created  in  this  region  show  enhanced  diffusion  into 
the  defect  reaction  region  where  they  are  trapped  by  bulk  impurities.  The  depth  and  defect 
contents  of  the  latter  region  are  determined  by  iuiown  interstitial  defect  reactions. 
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ABSTRACT 

Dry  etching  processes  such  as  reactive  ion  etching  (RIE)  or  ion  milling  typically  inttoduce  deep 
level  defects  into  the  semiconductor  which  compensate  the  shallow  level  doping  over  many 
hundreds  to  several  thousand  angstroms.  This  depth  of  damage  introduction  cannot  be  explained 
without  invoking  rapid  diffusion  of  point  defects  into  the  semiconductor.  For  example,  we  show 
using  a  selectively  doped  GaAs/AK^aAs  heterostructure  that  ion  bombardment  with  400  eV 
iong  leads  to  damage  depths  >410^.  The  projected  range  (Rp)  of  such  ions  in  GaAs  is  only 
22  A  with  a  straggle  (ARp)  of  -11  A.  Assuming  a  Gaussion  distribution  for  O'*'  ions  directly 
implanted  into  the  sample  from  the  plasma,  the  oxygen  distribution  would  fall  to  10"^  of  its 
peak  value  at  Rp  +  3.72  ARp  i.e.  63  A.  Channelling  of  these  low  energy  ions  can  increase  the 
incorporation  depth  by  several  times,  but  this  alone  cannot  explain  the  results.  Rapid  diffusion 
of  point  defects  created  near  the  surface  is  required  to  understand  the  depth  of  carrier 
compensation.  Sub.stantial  damage  depths  can  be  observed  even  for  very  low  ion  energy 
bombardment  (^150  eV),  with  implications  for  plasma  processing  of  III-V  device  structures. 


Introduction 

One  of  the  major  issues  with  dry  etching  of  GaAs  and  related  materials  is  the  introduction  of 
surface  damage  by  energetic  ion  bombardment.  This  has  been  investigated  for  a  variety  of  dry 
etching  methods  using  both  inert  and  reactive  ion  bombardment.  The  degree  of  damage  has  been 
found  to  be  inversely  proportional  to  the  ion  mass,  and  directly  proportional  to  the  ion  energy.^** 
Sidewall  damage  has  also  been  studied.  The  most  ob^vious  effect  of  near-surface  damage  is  a 
reduction  in  the  carrier  concentration  between  200-1000A  from  the  surface.  This  is  considerably 
deeper  than  the  projected  range  of  ions  crossing  the  plasma  sheath  and  must  be  explained  either 
by  channelling  of  these  relatively  low-energy  particles  or  recombination-enhanced  motion  of 
defects,  or  a  combination  of  both.  In  at  least  some  cases  where  H2  is  involved  in  the  etch 
mixture,  there  appears  also  to  be  passivation  of  donors  and  acceptors  by  association  with 
hydrogen.  This  is  a  well-known  effect  from  studies  of  the  role  of  atomic  hydrogen  in  passivating 
shallow  level  dopants  in  semiconductors. 

In  this  paper  we  will  given  several  examples  of  the  anomalously  large  damage  depth  in  dry 
etched  III-V  materials  and  devices,  and  show  that  this  cannot  be  accounted  for  by  channelling 
alone.  It  is  necessary  to  involve  an  enhanced  diffusion  mechanism,  possibly  recombination- 
enhanced  migration  of  point  defects,  in  order  to  explain  the  results. 


Experimental 

A  variety  of  samples  were  used  for  these  experiments.  Nominally  Si-doped  (n  =  10*’  cm"^) 
bulk  InP  wafers  were  exposed  to  1QH6:10H2  or  19  CCl2F2:102,  4mTorr,  0.85  W  •  cm"’ 
plasmas,  with  DC  biases  of  -380  V  on  the  sample.  The  dopant  profiles  after  RIE  were  obtained 
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from  Hg-probe  cajgacitance-voltage  (C-V)  nieasurements.  GaAs-AlGaAs^  HEMT  structures 
consisting  of  a  410^  GaAs  cap  layer,  300A  n'*’  AlGaAs  dqnor  layer,  25^  undoped  AlGaAs 
spacer  layer,  3000A  undoped  GaAs  buffer  and  10  period,  40A  AlGaAs/40A  GaAs  superlattice 
on  a  GaAs  substrate  were  used  for  measurement  of  the  saturated  drain-source  current  at  2V 
reverse  bias  as  a  function  of  the  DC  bias  on  the  sample  during  exposures  to  a  30  mTorr  O2 
discharge.  A  multi-quantum  well  GaAs/AlGa^s  consisting  of  SOOA  AlGaAs  barriers  on  either 
side  of  GaAs  layers  15,  30,  50,  70  and  lOOA  thick  was  used  to  provide  a  unique  spectral 
signature  of  damage  at  specific  depths  in  the  sample. Photoluminescence  measurements  on  the 
change  in  intensity  of  the  individual  luminescence  peaks  from  the  wells  establishes  the  depth 
profile  of  the  induced  damage. 


Results  and  Discussion 

Figure  1  shows  near-surface  carrier  profiles  in  etched  InP  as  a  function  of  post-RIE  treatments 
(30  sec  anneals),  for  the  case  of  CjHe/Hj  etching,  the  reduction  in  the  net  carrier  concentration 
extends  to  -  10(X) A  and  the  initial  profile  is  recovered  by  5(X)®C  annealing.  This  reduction  in  the 
doping  density  is  assumed  to  be  due  to  the  creation  of  deep  acceptors  in  the  InP  by  incident  ions 
from  the  discharge,  which  trap  the  conduction  electrons  in  the  material  and  are  not  thermally 
ionized  at  room  temperature.  We  rule  out  hydrogen  passivation  of  the  shallow  dopants  in  the 
InP  as  contributing  to  the  carrier  loss,  since  this  appears  to  be  significant  only  for  shallow 
acceptor  dopants.  The  depth  of  the  carrier  reduction  is  also  considerably  greater  than  the 
projected  range  of  ions  crossing  the  plasma  sheath.  In  this  case,  axial  and  planar  channelling  of 
the  ions  might  explain  the  results.  For  example,  the  projected  range  of  380  eV  EF^  ions  is 
estimated  to  be  -38  A  with  a  straggle  of  98  A  from  a  Monte  Carlo  simulations’^  and  this  is  much 
less  than  the  carrier  removal  depth.  If  we  take  the  relation  that  the  final  ion  distribution  has 
fallen  to  10~^  of  its  peak  value  at  a  distance  Rp  +  3.72  ARp,  where^ARp  is  the  longitudinal 
straggle  then  the  hydrogen  should  be  present  to  a  depth  of  only  -365  A.  Channelling  however 
can  increase  this  distance  by  factors  up  to  -5,  and  damage  created  by  the  channelling  ions  alone 
could  account  for  the  depth  of  earner  removal.  In  the  case  of  CCI2F2/O2  RIE  the  profiles  in 
Fig.  1  are  more  complicated  because  of  chemical  changes  to  the  surface,  but  show  a  similar 
effect.S*^ 


Figure  1.  Carrier  profiles  in  uniformly  doped  n-type  InP  etched  in  either  a  C2  He/Ha  or 
CCI2F2/O2  discharge  for  4  min,  as  a  function  of  post-RIE  annealing  temperature. 
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We  have  also  observed  that  bulk  GaAs  and  InP  samples  ion  milled  with  100-500  eV  Ar^  ions 
show  the^  presence  of  a  high  concentration  (>10‘°  cm"^)  of  dislocation  loops  at  a  depth  of 
130-460^  below  the  surface/^^  Jhis  again  is  much  greater  than  the  mean  range  of  500  eV  Ar"^ 
ions  (24 A,  with  a  straggle  of  12A). 

Figure  2  shows  the  saturated  drain-source  current  from  the  HEMT  structure  as  a  function  of  the 
DC  bias  on  the  sample  during  a  5  min  Oj  plasma  exposure.  There  is  no  measurable  change  in 
loss  unril  ihe  ion  energy  is  >  150  eV.  It  is  important  to  remember  that  Ipss  will  only  begin  to 
decrease  when  damage  has  j)ermeated  the  GaAs  contact  layer  and  reached  the  AlGaAs  donor 
layer,  i.e.  to  a  depth  of  410A.  The  damage  is  expected  to  be  in  the  form  of  point  defects  which 
create  deep  levels  in  the  AlGaAs  bandgap,  trapping  free  carriers  and  removing  them  from  the 
conduction  process  in  the  HEMT.  As  the  DC  bias  on  the  sample  is  increased  above  -200  V,  the 
loss  values  rapidly  decrease  as  more  traps  arc  introduced  into  the  AlGaAs  donor  layer. 
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Figure  2.  Percentage  change  in  Iqss  of  HEMT  structures  exposed  to  a  30  mTorr,  90  seem  O2 
plasma  f(»’  S  mins  at  DC  biases  from  -25  to  -400  V.  The  GaAs  cap  layer  was  in  place  during  the 
plasma  exposure. 


In  this  case,  the  depth  of  damage  introduction  cannot  be  explained  without  invdeing  rapid 
diffusion  of  the  p^int  defects  into  the  structure.  The  projected  range  of  even  4(X)eV  ions  in 
GaAs  is  only  22  A  with  a  straggle  of  1 1 A  (see  Figure  3).  We  cannot  rule  out  a  contribution  to 
the  depth  of  damage  introduction  from  channelling  of  the  implanted  oxygen,  but  this  alone 
cannot  account  for  our  results. 
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Figure  3.  Monte-Carlo  calculations  of  projected  range  and  straggle  of  100  eV-10  keV  ions  in 
GaAs. 


Typical  photoluminescence  (PL)  spectra  of  the  GaAs-AlGaAs  MQW  structure  before  and  after 
exposure  to  a  H2  plasma  with  300  V  applied  to  the  cathode  are  shown  in  Fig.  4.  Prom  spectra  of 
this  type  we  plott^  the  ^tensities  for  the  quantum  wells  in  the  damaged  regions,  normalized  to 
the  intensity  of  the  lOOA  well  buried  beyond  any  feasible  damage  depth,  as  a  function  of  sample 
depth.  This  is  shown  in  Fig.  S.  In  our  structure  we  were  able  to  ^serve  damage  effects  for 
relatively  large  self-bjases  (^200V)  and  in  many  cases  there  was  no  degradation  of  the  FL 
intensity  from  the  30A  quantum  well.  The  lirtes  in  Fig.  5  therefore  represent  worse  cases,  since 
for  the  At  J(X)  and  300  V  and  H  200  V  curves,  the  damage  may  have  penetrated  significantly  less 
than  1(XX)A.  For  hydrogen  we  observed  deeper,  but  less  severe  damage  relative  to  argon.  This 
is  expected  since  the  lighter  ion  should  create  less  nuclear  stopping  damage  resulting  in  atomic 
displacements.  Once  again  channelling  alone  cannot  account  for  the  damage  depdts  observed 
with  Aj'*'  ions.  Migration  of  point  defects  created  near  the  surface  must  occur  to  depths  of 
~1000A  during  the  plasma  exposure.  We  rule  out  thermally-enhanced  point  defect  motion, 
since  the  temperature  rise  of  our  samples  was  less  than  25**C. 


Conclusions 

The  fact  that  ion  bombarded  or  dry  etched  m-V  samples  display  dama^  depths  far  in  excess  of 
the  expected  projected  range  of  the  impinging  ions  is  a  common  phertomenon.  In  some  cases 
channelling  of  th^  ions  once  they  enter  the  lattice  can  explain  the  damage  depdis,  particuhnly 
fw  light  ions  such  as  H'*',  but  diis  cannot  account  for  die  results  trfitained  with  heavier  species 
such  as  O'**  and  Ar*^.  Since  thermal  motion  can  be  ruled  out,  one  needs  to  invoke  some  other 
mechanism  such  as  recombination-enhanced  defect  motion.  Hiis  is  feasible  in  the  highly 
ionized  environment  encountered  during  ion  beam  or  plasma  {nocessing. 
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Figure  4.  Low-temperature  (5K)  PL  spectra  from  GaAs-AlGaAs  MQW  structure  before  (top) 
and  after  (bottom)  exposure  for  2  min  to  a  ISO  W  (microwave),  3(X)  V  bias  H2  plasma. 


Figure  S.  Normalized  PL  intensity  from  individual  wells  in  the  MQ\ '  struchire,  corresponding  to 
different  depths  in  the  sample,  after  H  or  Ar  plasma  exposure  with  200  V  or  300  V  bias  (m  the 
sample. 
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ABSTRACT 

A  photoluminescence  (PL)  study  on  silicon  exposed  to  various  plasmas  with  the  conditions  of 
reactive-ion-etching  is  repotted.  Expending  on  the  composition  of  the  gas  used,  typical  PL  spectra  are 
observed  after  plasma  treatment.  Distinct  kinds  of  recombination  processes  can  occur  giving  rise  to 
(i)  sharp  PL  lines  characteristic  of  transitions  at  deep  neutral  defects  known  from  studies  of  defects 
product  by  high  energy  irradiation,  (ii)  broad  PL  lines  tentatively  associated  with  recombination  of 
an  exciton  bound  at  a  complex  defect  or  (iii)  broad  PL  bands  assumed  to  arise  from  recombination 
processes  around  extended  defects.  The  excitation  power  dependence  as  well  as  the  temperature 
dependence  of  the  intensity  of  these  PL  lines  and  ban^  are  presented. 


1.  Introduction 

Dry  etching  processes  have  rapidly  replaced  wet  etching  techniques  in  the  fabrication  of  small 
dimension  semiconductor  devices*.  However  dry  etching  such  as  reactive-ion-etching  (RIE),  plasma 
etching  or  ion-beam  etching,  can  introduce  damage  and  contamination  effects  in  the  exposed 
materials2'3.  Although  low-iemperature  photoluminescence  (PL)  spectroscopy  is  a  powerful 
technique  for  the  study  of  defects  in  bulk  semiconductors,  it  does  not  yet  appear  to  be  extensively 
used  for  the  characterisation  of  plasma  exposed  surfaces,  and  the  number  of  related  publications  is 
very  small^'^.  Therefore  we  repon  here  a  PL  study  of  n-  and  p-type  silicon  exposed  to  various 
plasmas  with  the  conditions  of  RIE  treatment.  Depending  of  the  composition  of  the  gas  used,  typical 
VL  spectra  due  to  distinct  types  of  recombination  processes  are  observed  after  plasma  treatment. 


2.  Experimental  procedure 

Boron  (10  Qcm)  and  phosphorus  (5  Dcm)  doped,  <100>  oriented  Czochralski  (Cz)  grown  silicon 
wafers  with  an  initial  concentration  of  3.9x10*2  and  9x10*^  oxygen  atoms  per  cm^  and  3.8x10*2 
and  5x10*^  carbon  atoms  per  cm^,  respectively,  have  been  used  in  this  study. 

Before  being  loaded  into  the  plasma  chamber  the  silicon  wafers  were  given  a  30  seconds  dip  in  dilute 
HF.  They  were  positioned  on  the  water  cooled  electrode  of  a  diode  reactor  to  which  225  W  1 3  56 
MHz  rf  was  f«i.  T^  plasma  pressure  was  25  mToir,  the  exposure  time  10  minutes  and  the  gas  flow 
rate  1()0  seem.  The  plasmas  us«l  were  argon  (Ar),  deuterium  (D2),  carbon-tetrafluoride  (CF4).  a 
mixture  of  50%  atgon-S0%  deuterium  (Ar-Di)  or  a  mixture  of  80%  helium-20%  hydrogen-bromide 
(He-HBr).  The  maximum  sample  temperature  reached  during  plasnu  treaunem  was  70- 100*C. 

Photoluminescence  measuremenu  were  done  at  temperatures  between  2  K  and  120  K  using  the 
5I4.S  nm  line  of  an  Ai^  ion  lasa  for  excitation.  The  luminescence  was  dispersed  with  a  SPEX  1404 
0.85  m  double  grating  monochromator  fitted  with  two  600  groovesfmm  gratings  blazed  at  1.6  pm.  A 
liquid  nitrogen  cooled  North  Coast  E08I7  Ge  detector  was  used  with  a  mechanical  chopper  and  a 
conventional  lock-in  technique  10  recover  the  PL  signal. 


3.  Experimental  results 

Figur*.  I  shows  typical  PL  spectra  at  2  K  ttf  p-type  silicon  samples  after  various  plasma  treatments. 
They  all  contained  the  phonon  replica  of  the  borm  bound  exciton  (BE)  (transverse  acoustic  B2'a. 


1446 


ICDS-16 


I _ I _ I _ I I _ I  i  I  I 

0.7  0.8  0.9  l.O  1.1 

Photon  Energy  (eV) 


1.  PL  spectra  at  2K  of  p-type  Cz  silicon  2.  PL  spectra  at  2K  of  n-type  Cz  silicon  before 

after  plasma  exposure  using  as  a  plasma  He-  (a)  and  after  plasma  treatment  using  as  a  plasma 

HBr  (a),CF4  (b),  Ar  (c),  Ar-D2  (d)  and  D2  (e).  He-HBr  (b),  CF4  (c),  Ar  (d)  and  D2  (e). 

u-ansverse  optical  B^O,  two  TO  phonon  transition  B^TO  and  two-hole  TO  transition  No  change 
in  the  PL  spectrum  was  observed  before  and  after  He-HBr  plasma  treatment  (Fig.l.a),  whereas 
additional  PL  lines  or  bands  appear  after  plasma  exposure  using  other  gases.  The  main  effect  after 
CF4  plasma  treatment  is  the  observation  of  the  G  and  C  lines  (Fig.  1  .b)  whereas  Ar  and  D2  (or  Ar-D2) 
plasmas  induce  a  broad  PL  band  located  at  935  meV  with  a  halfwidth  of  76  meV  (Fig.  1  .c)  and  at  9(X) 
meV  (80  meV  halfwidth)  (Fig.l.d-e),  respectively.  The  structure  observed  around  900  meV  is  due  to 
water  absorption  and  the  parts  of  the  spectra  indicated  by  the  arrow  are  magnified  by  the  factor 
specified  in  the  figure. 

A  similar  behaviour  is  observed  for  the  n-type  material  except  for  the  He-HBr  treatment.  On  all  the 
spectra  the  phosphorus  BE  lines  are  observ^  (Fig.2)  and  are  denoted  in  a  similar  way  as  the  boron 
BE  lines  (PNP  and  P«  denote  the  no-phonon  line  and  the  two-electron  TO  transition ,  respectively). 
The  G  and  C  lines  are  also  observed  after  CF4  plasma  treatment  (Fig.2.c)  whereas  broad  bands  at 
945  meV  (halfwidth  76  meV)  and  903  meV  (80  meV  halfwidth)  emerged  from  the  PL  spectra  after  Ar 
(Fig.2.d)  and  D2  or  Ar  D2  (Fig.2.e)  plasma  exposure,  repectively.  Moreover  after  He-HBr  plasma 
exposure  two  broad  PL  lines  with  a  halfwidth  of  13  meV  were  observed  at  1020  and  958.6  meV 
(Fig.2.b),  repectively,  the  first  (1020  me\')  being  superimposed  on  the  P^TO  ijne.. 

Resulting  from  the  plasma  exposure,  shifts  in  energy  position  of  the  boron  BE  lines  and  the  electron- 
hole-droplet  (EHD)  band  were  observed  to  occur  towards  the  low  energy  side  with  a  maximum  of  2- 
3  meV  depending  of  the  plasma  characteristics.  In  any  of  the  n-type  plasma  exposed  material  no 
shifts  of  the  phosphoms  BE  lines  and  EHD  band  were  observed. 

The  dependence  on  the  laser  excitation  power  was  measured  at  2K  for  various  lines  or  bands 
observed  on  the  PL  spectra,  as  shown  in  Fig.3  in  the  case  of  the  phosphorus  doped  sample.  The  PL 
intensity  of  the  phosphorus  BE  line  is  increased  linearly  with  power  until  saturation  was  attained  at  a 
high  enough  excitation  power.  However  the  PL  intensity  of  the  other  emissions  such  as  the  G  and  C 
lines  after  CF4  plasma,  the  broad  PL  line  (958.6  meV)  observed  after  He-HBr  plasma  on  n-type 
silicon  and  of  the  broad  PL  band  observed  after  Ar,  D2  or  Ar-D2  plasma  on  any  material,  is  increased 
with  a  sublinear  dependence  of  the  excitation  power  due  to  the  competition  between  the  various 
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Reciprocal  Temperature  (K  ) 


3.  PL  intensity  as  a  function  of  the  excitation  4.  Temperature  dependence  of  the  integrated 
power  of  X  p70  line  and  0  945  meV  band  after  Ar  o  FE  line  (a),  x  He-HBr  broad  lines  (b),  +  Ar 
plasma  (a),  x  pTO,  +  G  and  q  C  lines  after  CF4  induced  band  (c)  and  •  Ar-D2  related  band  (d) 
plasma  (b),  x  pTO  Une  and  n  956.8  meV  broad  intensities  on  the  n-type  plasma  exposed 

line  after  He-HBr  plasma  (c)  and  x  p70  line  and 
0  903  meV  broad  band  after  Ar-D2  plasma  (d). 

recombination  channels.  Neither  energy  shifts  of  the  observed  PL  line  and  broad  PL  bands  nor  any 
new  PL  bands  are  observed  as  the  excitation  power  is  increased. 

The  temperature  dependence  from  2K  up  to  120K  of  some  of  the  RIE  induced  PL  lines  or  bands  has 
been  investigated,  and  figure  4  shows  their  integrated  PL  intensity  as  a  function  of  the  reciprocal 
experimental  temperature.  As  expected,  at  temperature  higher  than  4K  the  free  exciton  (FE)  was 
observed.  Its  temperature  behaviour  is  plotted  in  Fig.4.a.  as  a  reference  and  gives  a  deactivation 
energy  of  14.5  meV^,  as  determined  by  the  slope  of  the  straight  line.  The  1020  and  958.6  rneV  broad 
PL  lines  observed  on  He-HBr  exposed  n-type  material  show  similar  temperature  behaviour,  no 
energy  shifts  of  their  position  and  no  additional  lines  are  observed  as  the  temperature  increased 
(Fig.5.a).  They  remain  rather  constant  up  to  20K  with  a  slight  increase  in  intensity  due  to  the 
quenching  of  competing  shallow  recombination  channels,  and  are  quenched  above  20K  with  a 
deactivation  energy  of  25  meV  (Fig.4.b).  The  945  meV  PL  band  observed  for  the  n-type  sample  after 
Ar  plasma  exposure  shifts  in  energy  position  from  945  meV  at  lOK  to  905  meV  at  80K.  Its  intensity 
increases  with  increasing  temperature  up  to  20K  and  above  30K  is  decreased  with  a  thermal 
deactivation  energy  of =19  meV  (Fig.4.c).  Similar  behaviour  is  observed  for  the  903  meV  (at  2K)  PL 
band  on  Ar-D2  exposed  n-type  material,  which  shifts  to  842  meV  at  1  lOK.  Some  recorded  spectra  at 
selected  temperatures  are  shown  in  Fig.5.b.  As  the  sample  temperature  increases  this  broad  PL  band 
increases  in  intensity  from  4K  to  30K,  thereafter  the  PL  intensity  decreases  with  a  deactivation 
energy  of  25  meV  (Fig.4.d).  Figure  6  shows  the  variation  of  the  energy  position  of  these  PL  bands 
as  a  function  of  temperature,  together  with  the  expected  variation  of  the  silicon  band  gap  energy. 


4.  Discussion 

It  is  now  well  established  that  reactive-ion-etching  introduces  damage  into  the  semiconductor  surface. 
This  modification  of  the  silicon  near-surface  is  generally  investigated  by  various  surface  analysis 
techniques  such  as  Auger  electron  spectroscopy,  in-situ  x-ray  photoelectron  spectroscopy  (XPS)  or 
transmission  electron  microscopy  (TEM).  Although  photol'imine.scence  is  a  powerful  tool  for  the 
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5.  PL  spectra  recorded  at  the  indicated  experimental  temperature  in  the  He-HBr  fa)  and  in  the  Ar-D2 
(b)  plasma  exposed  n-type  sample. 
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6.  Variation  of  the  energy  position  of  the  Ar- 
plasma  induced  broad  PL  band  (945  meV  at 
2K)  (x),  Ar-D2  related  band  (903  meV  at  2K) 
(+)  and  the  expected  silicon  band  gap  energy 
(a)  as  a  function  of  the  sample  temperature. 


characterisation  of  defects  in  bulk  material  its 
application  to  the  study  of  near-surface 
semiconductor  properties  can  give  useful 
information,  however.  The  penetration  depth  of 
the  exciting  514.5  nm  radiation  is  about  1  p.m  at 
2K  in  bulk  silicon.  However,  the  diffusion  depth 
of  photo-generated  carriers  is  much  larger,  it  can 
be  of  the  order  of  few  tens  of  micrometers 
depending  of  the  concentration  of  defects  pr  sent 
in  the  crystal.  Laser  excitation  of  silicon  produces 
a  large  non-equilibrium  concentration  of  electrons 
and  holes  which  form  excitons  at  low 
temperature.  These  excitons  can  recombine  either 
directly  giving  rise  to  the  free  exciton  (FE) 
luminescence,  or  indirectly  after  various 
relaxation  processes  as  interaction  with  defects  or 
localisation  at  different  centres.  Radiative  decay  of 
excitons  bound  to  impurities  or  defects  gives  rise 
to  specific  luminescence  features,  which  often 
allow  to  extract  electronic  properties  of  the 
respective  centers. 

The  experimental  results  presented  above  clearly 
indicate  distinct  electron-hole  recombination 
processes  occuring  in  our  plasma  etched  induced 
samples.  There  is  of  course  luminescen  .c  related  to 
the  dopant  impurity  of  the  material  as  the  dominant 


feature  in  the  PL  spectra  at  low  temperature,  and  as  expected  the  FE  recombination  was  also  observed 
at  sample  temperatures  between  about  8K  and  50K.  However  in  our  plasma  exposed  samples  other 
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kinds  of  recombination  processes  occur,  depending  of  the  composition  of  the  gas  and  plasma 
treatment  conditions.  They  reflect  various  kinds  of  recombination  processes  which  indicate  the 
presence  of  distinct  types  of  defects. 

The  sharp  G  and  C  PL  lines  observed  here  after  RIE  process  using  CF4  as  a  plasma  (see  also  Ref.4) 
are  well  known  from  irradiadon  or  implantation  studies^  and  are  characteristic  of  radiative  transitions 
at  deep  neutral  defects.  The  Cs-Sij-Cs  (subscripts  s  and  i  stand  for  substitutionnal  and  interstitial, 
respectively)  complex  is  generally  associated  with  the  G  line ,  whereas  a  center  containing  at  least  one 
carbon  atom  and  one  oxygen  atom  is  related  to  the  C  line.  We  shall  mention  here  that  we  have  also 
observed  these  both  lines  in  a  high  resistivity  float-zone  sample  exposed  to  a  high  pressure  D2 
plasma*®.  We  then  tentatively  propose  that  positive  ions  which  induce  the  most  important  form  of 
energetic  particle  bombardemnt  in  dry  etching,  have  enough  energy  to  displace  impurity  atoms  as 
carbon  and  oxygen  in  the  near  surface  region.  iTtis  energy  can  be  in  the  order  of  a  few  hundreds  of 
eV**.  Under  these  conditions  the  formation  of  other  deep  neutral  defects  containing  extrinsic 
impurities  or  intrinsic  point  defects  and  resulting  from  the  displacement  of  atom  after  the  ion 
bombardment  during  the  plasma  treatment  is  expected.  It  is  thus  not  surprising  to  observe  after 
plasma  exposure  followed  by  heat  treatment  the  T  line  at  935  meV^.lO^  which  is  associated  to  a  defect 
involving  carbon  impurities,  the  P  line  center  at  767  meV*®  proposed  to  involve  carbon  and  oxygen 
atoms,  or  the  W  line  at  1019^*8  meV  and  the  X  line®  at  1040  meV  ascribed  to  defects  involving 
vacancies.  Moreover  the  formation  of  complexes  involving  atoms  from  the  plasma  is  also  possible 
and  can  explain  the  observation  of  the  PL  lines  detected  at  1008  and  997  meV  after  He-HBr  plasma 
and  subsequent  annealing®,  these  latter  two  lines  being  previously  reported  after  hydrogen 
implantae  i*^. 

We  previously  reported  a  detailed  PL  study  of  silicon  exposed  to  He-HBr  gas  as  the  plasma, 
including  the  effect  of  subsequent  annealing®.  We  report  then  here  a  brief  report  of  our  previous 
discussion  regarding  the  effect  of  this  treatment  on  the  PL  spectra.  We  suggested  that  the  He-HBr 
induced  broad  lines  located  at  1020  and  958.6  meV,  respectively,  were  associated  to  the  NP  and  TO 
phonon  replica  recombinations  of  the  same  exciton  which  is  bound  to  a  complex  defect.  The  binding 
energy  of  the  loosely-bound  particle  in  the  complex  is  estimated  as  25  meV  from  the  temperature 
dependence  of  the  broad  PL  lines  (Fig.4.b).  The  identity  of  the  complex  cannot  be  firmly  etablished, 
however  we  proposed  an  involvment  of  intrinsic  point  defects  and  atoms  (hydrv,gen)  from  the  etch 
plasma.  The  broadening  feature  of  these  lines  was  assumed  to  be  due  to  an  inhomogeneous  strain 
field  around  this  complex  defect. 

A  comparison  of  the  effect  of  REE  treatment  using  as  a  plasma  D2  or  a  mixture  of  50%  Ar  and  50% 
D2  she  ws  the  same  PL  behaviour  whereas  after  Ar  plasma  the  relative  intensity  of  the  observed  PL 
band  ii.  less  intense  and  the  energy  position  is  higher  (about  40  meV),  without  distinction  of  the  type 
of  the  silicon  sample.  The  Ar  plasma  exposure  seems  thus  to  induce  less  defects  or  defects  with 
lower  luminescence  efficiency  than  when  D2  is  added  to  the  plasma.  Additionally,  the  conditions  of 
the  plasma  treatment,  mainly  pressure  of  the  plasma^-lO^  exposure  time^-’®  and  temperature  of  the 
sample^,  have  an  important  influence  on  the  observed  PL  spectra.  We  propose  that  competition 
between  li  e  formation  of  defects  occurs  during  the  plasma  treatment  and  competition  between  the 
various  recombination  channels  (radiative  or  non-reaiative)  complicates  the  understanding  of  the  PL 
data.  If  some  plasma  conditions,  as  using  CF4  gas  as  a  plasma  for  instance,  favour  the  formation  of 
point  defects  or  simple  defects,  such  as  the  G  or  C  line  center,  other  plasma  conditions  could  induce 
more  complex  or  extended  defects  as  observed  w’ith  TEM  analysis*^.  Around  these  extended  defects 
local  modification  of  the  crystalline  potential  could  be  considered.  Therefore  electrons  confined  in 
wells  surrounding  these  complexes  could  recombine  with  holes  in  two  different  ways,  depending  on 
the  considered  model.  Firstly  recombination  with  holes  from  the  valence  band  and  localised  far  away 
from  these  extended  defects  could  be  envisaged,  if  we  consider  bindii  .g  to  the  conduction  and  valence 
band  without  band-gap  narrowing  as  the  model  proposed  to  explain  the  various  properties  of  the  so- 
called  new-donors  in  annealed  Cz  siliconl5.16.  Secondly  if  band-gap  narrowing  occurs  as  previously 
proposed*^'*®  after  plasma  exposure,  recombination  of  the  electron  and  hole  both  confined  near  the 
extended  defect  could  be  possible.  In  any  case  both  these  models  can  explain  the  optical  propenies  of 
the  broad  PL  bands  observed  here  after  plasma  treatment,  such  as  the  temperature  dependence  with 
the  shift  in  energy  position.  Moreover  we  believe  that  the  luminescence  from  these  types  of 
recombination  is  very  efficient. 


1450 


lCDS-16 


S.  Summary 

In  summary  we  have  performed  a  photoluminescence  (PL)  study  of  optical  defects  introduced  after 
plasma  exposure  in  the  near  surface  silicon  crystal.  Ar,  D2,  CF4,  mixture  of  50%  Ar  and  50%  D2  and 
mixture  of  80%He  and  20%  HBr  were  used  as  a  plasma  for  the  RIE  treatment  on  n-  and  p-type  Cz 
silicon  and  are  shown  to  introduce  damages  in  the  near  surface  silicon  material.  The  conclusions  from 
this  study  are ; 

(i)  Various  kinds  of  defects  are  introduced  in  the  silicon  crystal  by  RIE  treatment.  They  firstly 
comprise  point  defects  or  simple  defects  such  as  carbon  and/or  oxygen  related  centers  or  vacancy 
related  centres  giving  rise  to  shaip  PL  lines  known  from  studies  of  defects  introduced  by  high  energy 
irradiation.  Broad  PL  lines  ascribed  to  recombination  of  excitor.s  bound  at  complex  defect  are  also 
observed.  Finally  very  broad  PL  bands  are  tentatively  associated  to  recombination  around  extended 
defects.  Competition  between  the  formation  of  these  various  defects  is  shown  to  depend  on  the 
plasma  conditions  and  sample  characteristics. 

(ii)  Competition  between  the  various  recombination  processes  is  revealed  to  play  an  important  role  on 
the  understanding  of  the  PL  spectra. 
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ABSTRACT 

From  studies  of  diffusion  behavior  of  dopants  and  neutral  impurities,;  it  has  been 
concluded  that  vacancies  (V)  and  self-interstitials  (/)  coexist  in  silicon  at  elevated 
temperatures.  Adopting  this  conclusion,  we  investigate  the  influences  of  these  point 
defects  on  Si02  precipitate  growth  over  a  wide  temperature  range  (40C-1200“C).  Wc 
assume  that  these  point  defects  play  the  essential  role  of  providing  the  strain  relief 
during  Si02  precipitate  growth.  In  this  context,  we  model  how  the  point  defect 
concentrations  change  in  the  vicinity  of  the  precipitate,  and  show  that  these  local 
variations  affect  the  flux  of  the  oxygen  atoms  through  the  oxygen/point  defect 
reaction  at  the  precipitate  surface.  In  the  two  extreme  cases  studied,  (V-only  and  I- 
only)  the  model  predicts  an  oxygen  flux  low.'.r  than  that  limited  by  oxygen  diffusion 
alone  (oxygen-diffusion-limited  precipitation  hiS  been  experimentally  verified).  For 
the  case  of  V-only,  this  difference  is  orders  of  magnitude,;  indicating  that  a  V-only 
model  is  not  capable  of  fitting  experimental  data.  However,  the  model  for  /-only 
predicts  a  flux  only  30%  lower  than  that  limited  by  oxygen  diffusion  at  temperatures  as 
low  as  400°C,  which  is  well  within  the  error  range  of  the  oxygen  precipitation  data 
We  conclude  that,  while  vacancies  may  contribute  to  some  extent,  self-interstitials  play 

the  predominant  role  in  providing  strain  relief  during  Si02  precipitate  growth 

1.  Introduction 

Intrinsic  point  defects  arc  important  in  many  diffusion  and  precipitation  processes  in 
silicon.  In  early  times,,  vacancies  (V)  were  the  only  point  defect  considered.  In  1968. 
Sceger  and  Chik*  proposed  that  self-interstitials  (1)  also  play  an  important  role, 
touching  off  a  V  vs.  I  debate  which  continues  to  this  day.^  In  the  last  decade,  however, 
studies  of  impurity  diffusion  under  non-equilibrium  conditions  has  established  that  V 
and  I  both  contribute.  This  has  allowed  calculation  of  the  fractional  vacancy  and 
interstitialcy  contributions  to  diffusion  of  many  substitutionally  dissolved  elements.^ 

While  the  V//  components  of  substitutional  dopant  diffusion  has  been  extensively 
investigated,  the  same  is  not  true  for  precipitation.  It  is  generally  agreed  that  point 
defects  arc  necessary  for  relieving  the  strain  associated  with  the  volume  increase 
during  Si02  precipitation,  but  the  fractional  V  and  I  contributions  to  this  process  have 

not  been  examined.  In  this  paper,  wc  address  this  problem. 

2.  Approach 

Wc  begin  by  noting  two  types  of  experimental  observations.  First,  several  studies  have 
shown  that  the  oxygen  precipitate  growth  rate  is  limited  by  oxygen  diffusion.^ '  ^ 
Secondly,  the  formation  of  Si02  in  silicon  involves  a  volume  expansion  of  more  than 

100%,  which  creates  a  .strain  in  the  surrounding  matrix.  Hu**  has  .shown  that  without 
strain  relief,  this  strain  is  so  large  that,  at  most  temperatures,  it  would  completely 
prevent  precipitate  growth.  Therefore,  for  Si02  precipitate  growth,  there  must  be 
.some  means  of  strain  relief.  Based  upon  the  second  observation,  wc  assume,  as  others 
havc,9''**  that  the  strain  relief  is  provided  by  point  defects:  cither  V  ab.sorption  or  / 
emission.  Since  experiments  showed  that  oxygen  precipitation  is  predominantly 
limited  by  oxygen  diffusion,  wc  conclude  that  the  flux  of  the  point  defects  involved  in 
strain  relief  must  be  similar  in  magnitude  to  the  oxygen  fiux  expected  for  simple 

oxygen  limited  precipitation 
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Another  conclusion  we  draw  from  the  above  observations  is  that,  during  growth,  the 
reaction  at  the  precipitate  surface  between  oxygen  and  point  defects  is  proceeding 
faster  than  the  influx  of  oxygen  atoms.  From  this  we  assume  a  local  equilibrium 

between  the  species,  which  allows  the  use  of  the  mass-action  law  at  the 

prccipitatc/matrix  interface.  At  the  precipitate  surface,  point  defect  concentrations 
affect  the  oxygen  concentrations,,  and  hence  change  the  oxygen  flux  This  means  that 

point  defect  underl  supersaturations  at  the  precipitate  surface  affect  the  oxygen 
precipitate  growth  rate. 

Based  upon  the  above  observations  and  assumptions,  we  examine  a  flux  balance  lor  a 
one  precipitate  ease.  The  fluxes  of  the  species  (oxygen  and  one  point  defect  species) 
arc  controlled  by  the  supersaturations  in  the  bulk  and  at  the  precipitate  surface.  The 
bulk  supersaturations  are  known  (oxygen  is  measurable,  and  the  point  defect 
concentration  is  assumed  to  be  at  equilibrium)  and  arc  independent.  In  contrast,  the 
supersaturations  at  the  precipitate  surface  arc  not  independent,  since  the  local 

equilibrium  is  in  effect.  Therefore,  there  is  only  one  set  of  supersaturations  at  the 
precipitate  surface  which  both  satisfies  the  local  equilibrium  and  allows  the  fluxes  to 
balance.  Upon  finding  these  supersaturations,  we  can  compare  the  resulting  oxygen 
flux  to  experimental  data,  and  draw  co.ulusions  about  the  viability  of  the  system. 

It  is  likely  that  strain  relief  involves  both  V  and  I.  We  wish  to  determine  the  relative 
contribution  of  each.  To  do  this  we  study  two  extreme  cases:  V-only  and  /-only. 

3.  Vacancies  Only 

If  vacancies  arc  the  predominant  intrinsic  point  defects,  the  precipitate  is  entirely 
dependent  upon  the  matrix  to  provide  the  strain  relief.  The  V  must  arrive  at  a  rate 
high  enough  to  match  the  oxygen  flux.  The  integrated  oxygen  flux  Jox  into  the 
precipitate  is  given  by 


Jox  =  4rtrDoxCo3  (£2*H.  -  Cox(r)  ^  ^  ^ ^ 

a  d.3 

where  we  have  used  the  standard  equation  for  the  integrated  flux  into/out  of  a 
spherical  point  iink/sourcc.  Here  is  the  oxygen  diffusivity,  Cj,!!  is  the  oxygen 

thermal  equilibrium  concentration,  and  Cox(r).  Cox(“’)  ihc  oxygen  concentrations 
at  the  precipitate  surface  and  in  the  bulk,  respectively.  By  changing  the  prefactor  4itr 
in  Eq.  1  it  is  po.ssibic  to  model  the  flux  for  precipitates  of  other  .shapes.  However,  it  will 
soon  be  clear  that  the  prcfaclor  plays  no  role  in  the  subsequent  analysis.  Thus, 
although  we  model  here  for  a  spherical  precipitate,  the  conclusions  we  draw  .-'.re  just  as 
applicable  to  other  precipitate  .shapes.  This  versatility  is  important,  since  precipitates 
take  on  different  shapes  at  different  temperatures.’  ^ 

During  the  initial  stages  of  precipitation,  the  vacancies  in  the  vicinity  of  the 
precipitate  arc  quickly  consumed,  creating  a  local  V  undersaturation.  This  creates  a  V 

concentration  gr-idicnt  between  the  precipitate  (Cv(r)<<Cw)  and  the  bulk  (Cv(«)=t'v). 
allowing  a  continuous  flux  of  V  flowing  into  the  precipitate  which  balancc.s  ihe 
incoming  oxygen.  This  flux,  Jy.  is  given  by 

Jv  =  4itrDvCv  (^^  -  ■  (2) 

d**  d 

Since  there  is  roughly  a  100%  volume  expansion  during  Si02  formation,  a  convcnieni 
approximation  is  that  for  every  two  oxygen  atoms  incorporated,  one  V  must  also  be 
ab.sorbcd.  Other  factors  may  affect  this  ratio  slightly,  but  these  changes  do  not 
dramatically  alter  the  results  we  prc.sent  here,  (Such  factors  may  include  volume 
expansions  different  from  100%,  or  the  ability  of  the  matrix  to  absorb  some  strain, 
reducing  the  demand  for  V  ab.sorption.)  We  u.sc  this  2:1  ratio  of  oxyjcn  V  to  write  a 
flux  balance  between  the  two  species  as 
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Cox(“)  Cox(r) 

S3 

Cv(»)  Cv(r) 

r^q  r^q 

i  '-ox  '-ox  J 

Cfv?  Cfv? 

(3) 


where  the  4nr  terms  have  canceled  out.  To  .solve  this  equation,;  we  use  Dox  =  0  2exp(- 
2.56eV/kBT)cm2s->.  Cox®‘*=3.2x  102'cxp(-l .03cV/kBT)cm-3,  and  DvC^v=3xl022cxp(- 
4.03eV/kBT)cm‘’s‘*  from  references  19,  20,  and  3  respectively.  Cox(°°)  be  measured 

and  we  assume  Cv(°°)  =  C^.  Justification  for  this  last  assumption  is  given  in  Section  5. 
This  leaves  Eq.  (3)  with  two  unknowns:  CoxfO  and  Cv(r).  Since  the  growth  stage  ol 
precipitation  is  known  to  be  oxygen-diffusion-limited  and  not  reaction-limited,  we 
assume  that  the  reaction  at  the  surface  between  the  incoming  oxygen  and  V  is 
proceeding  comparatively  fast..  We  can  then  write  the  reaction's  equilibrium  equation 


Cox(r)  _  I  Cy  Iz  J  on  \ 

as  Icvfr)/  VbtI  ■ 


(4) 


where  O  is  the  Si02  molecular  volume,  and  a  the  surface  energy  density  Using  Eq.  (4). 
we  can  rewrite  Eq.  (3)  in  terms  of  one  variable,  Cv(r)/Cfv. 


i-Do,C^2 

Co.(«)  /  cfv’  \2cxf 

=  Dvcfv 

Cvfoo) 

Cv(r) 

2 

L  as  ^cv(r)^ 

UbT/ 

[ 

(5) 


For  any  given  temperature,  the  solution  Cv(r)/Cfv  provides  the  undersaturation  ol  V 
required  at  the  precipitate  surface  which  will  allow  a  sufficient  in-flux  of  V.  Using 
Cox=lxl0’8  cm'3  and  0=0,  we  have  plotted  solutions  to  this  equation  in  Figure  1. 

T(°C) 


Figure  1:  Point  defect  undcr/supersaturations  required  at  the 
precipitate  surface  in  order  to  obtain  a  flux  balance  with  oxygen. 

Assumes  initial  oxygen  concentration  of  10**^  cm'^.  From  Eq.  (5)  and 
Eq.  (9). 

This  large  V  undersaturation  at  the  precipitate  surface  mandates,,  via  Eq.  (4).  a  fairly 
large  local  supersaturation  of  oxygen.  This  decrease;,  the  oxygen  flux,  via  Eq.  (1)  lo 
study  the  significance  of  this  decrease,,  wc  note  that  SiOi  precipitation  da'a  fairly  well 
fits  models  which  ignore  the  influence  of  point  defect  fluxes.  If  our  model  is  to  match 
the  same  data,  the  predicted  precipitation  rates  (oxygen  fluxes)  predicted  by  our  model 
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s.iould  be  similar  to  those  obtained  from  a  model  which  assumes  just  oxygen-dilfusion 
limited  precipitate  growth.  To  test  this,  we  define  Qv.  a  ratio  of  the  oxygen  flux  in 
which  V  are  considered  to  that  in  which  V  arc  ignored 


Values  of  Qv  much  less  than  1  would  indicate  that  the  process  docs  not  match 
experimental  data  very  well.  In  Figure  2  we  plot  Qv  (for  o=0)  as  a  function  of 
temperature  The  extremely  low  values  for  Qv  indicate  that  this  vacancy  model  can  not 
accurately  describe  published  data.5'7 

T(°C) 


1000  800  600  400 


10^ /T  (K'"') 


Figure  2:  Ratio  Q  of  oxygen  flux  into  precipitate  if  intrinsic  point 
defects  arc  accounted  for.  to  the  ease  in  which  point  defects  arc 
ignored.  Values  of  Q  significantly  less  than  1  indicate  a  model 
incapable  of  fitting  experimental  data.  From  Eq.  (6)  and  Eq.  (10). 


4.  Self-lnterstitials  Only- 

In  this  scenario,  in  contrast  to  the  V-only  ease,  the  precipitate  has  control  over  the 
strain  relief  and  point  defect  flux,  since  it  can  emit  /  whenever  necessary.  During  the 
early  stages  of  precipitation,  this  /  cmi.ssion  generates  a  supersaturation  of  /  around 
the  precipitate,  forming  a  gradient  which  allows  continuous  out-flux  of  /  during 
precipitation.  The  development  is  similar  to  the  V-only  ca.se.  The  flux  balance  is 


1  Do.C'^  -  dk:?"  1^  -  ^ 

2  I  a  I  .  c5- 


The  rcaciion  ai  the  precipitate  surface  provides 


Co]t(r) 

a 


(8) 


.Sub.stiiuiing  Eq.  (8)  into  Eq.  (7)  we  obtain 
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Using  DiC5*’=4 . 57x  1 0^5cxp(-4. 84c  V/kB  T)cm  ■  *  S' *  from  Stolwijk  ct  and  ihc 

assumption  that  in  the  bulk  the  point  defect  is  near  equilibrium  (Ci(<»)/C^‘'=l).  Eq.  (9)  is 

reduced  to  containing  only  one  unknown:  Ci(r)/(^‘*.  Solutions  to  Eq.  (9)  arc  plotted  in 
Figure  1.  These  /  supersaturations  increase  the  oxygen  supersaturation  at  the 
precipitate  surface,  via  Eq.  (8),  thus  decreasing  the  oxygen  flux.  In  analogy  to  the  V 
case,  we  define  Q|,  a  ratio  of  the  oxygen  flux  in  which  /  arc  included,  to  the  oxygen  flux 
in  which  /  arc  ignored: 


Co, 

(«)  /C;(r)\l„.,„_tTO  1 

n..rf3 1 

Co»(«>)  .  o£i 

1 

a  rkaTj 

We  have  plotted  Qi  in  Figure  2  for  o=0.  The  slight  decrca.se  (roughly  30%  at  40()‘’C)  in 
oxygen  flux  is  insignificant  compare'*  to  the  uncertainty  in  the  experimental 
precipitation  data.  Although  here  we  have  addressed  the  simple  case  of  a=().  we  have 
found  that  this  factor  onlv  *' -s  a  significant  role  for  very  small  precipitates 
(containing  less  than  about  '  is,  or  r=20A).  We  conclude  that  sclf-intcrstitiah. 

not  vacancies,  are  the  prt  loint  defect  during  SiOz  formation. 


5,  Additional  Notes 

An  important  point  to  note  in  this  approach  is  that  the  results  obtained  arc  dependent 
upon  the  products  D\(fw  and  DjCj’,  and  not  simply  the  diffusivitics  (Dv  and  Di).  There 

appears  to  be  a  general  agreement  on  the  quantities  and 

However,  estimates  for  diffusivitics  of  point  defects  span  orders  of  magnitude,  so 

models  dependent  upon  such  a  quantity  may  be  considered  as  unreliable. 

Note  also,  that  in  both  eases  we  as.sumed  that  the  intrinsic  point  defect  concentrations 
in  the  bulk  arc  near  their  thermal  equilibrium  values,  and  derived  point  defect  under/ 
supersaturations  at  the  precipitate  accordingly.:  The  other  extreme  would  set  point 
defect  concentrations  to  equilibrium  at  the  precipitate  and  .seek  the  required  super/ 
undersaturations  in  the  bulk.  The  rc.sulting  Q  ratios  would  always  be  1.  .so  the  model 
should  match  data.  However,  these  situations  arc  unrealistic.  If  large  super/ 

undersaturations  existed  in  the  bulk,  then  phenomena  such  as  oxidation-  or 

nitridation-cnhanccd  diffusion, which  provide  enhancements  of  2  to  3.  would  be 
undetectable..  Therefore,  we  conclude  that  typically,  point  defect  supersaturations  in 
the  bulk  arc  relatively  low.  and  the  assumptions  made  above  should  hold  true. 

To  further  corroborate  our  findings,  we  consider  the  required  amount  of  /  or  V  for 
precipitating  out  a  large  amount  of  oxygen  (>K)'^  cm'^).  To  relieve  the  strain,  a 
similar  magnitude  of  point  defects  must  be  involved.  For  the  ease  of  /-only,  the 
precipitate  has  no  problem  generating  this  large  number  of  point  defects.  For  the  ca.se 
of  V-only,  the  V  must  come  from  the  bulk,  which  is  highly  unlikely.  Thc.se  V  must 
either  cxi.st  naturally  prior  to  precipitation  (i.c..  a  large  supersaturation  of  V  in  the 
hulk  quenched  in  from  the  crystal  growth  process),  or  must  be  generated  during  the 
precipitation  process.  We  have  de.scribcd  above  why  the  first  option  is  unlikely.  For 
the  .second  option  (continuous  .supply  of  V  to  the  bulk  during  prccipilaiion).  we 

consider  three  possible  proccs.scs.  and  find  that  none  arc  viable:  h  in-diffusion  of 

vacancies  from  the  surface,  which  is  much  too  slow.  2)  general  .m  of  /-V  pairs,  which 
would  simultaneously  generate  large,  energetically  unfavorable  supcrsaturaiion.s  ol  /, 
and  3)  di.ssolulion  of  V  agglomerates,  which  appears  to  be  in.suffiticni.  since 
Marioion?'*  has  e.stimatcd  an  upper  limit  of  roughly  lO'^  cm'-^  for  V  in  agglomcraics 
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6.  Summary 

For  quite  some  time,  point  defects  have  been  assumed  to  act  as  strain  relief  mechanisms 
during  Si02  precipitate  growth,  yet  their  role  in  precipitate  growth  dynamics  is  still 
unclear.  Precipitation  models  which  ignore  point  defects  can  already  adequately 
explain  experimental  data,  which  display  oxygcn-diffusion-limitcd  precipitation 
behavior.  Therefore,  by  introducing  point  defects  into  an  Si02  precipitation  model,  we 
can  not  make  dramatic  improvements  in  data  fitting.  However,  we  arc  able  to  address 
which  type  of  point  defect  is  involved.  We  do  so  by  noting  that  the  influx  of  oxygen 
must  be  balanced  with  a  point  defect  flux  of  similar  magnitude,  and  by  realizing  that 
these  fluxes  are  mediated  by  the  reaction  at  the  precipitate  surface.  We  find  that 
vacancies  alone  arc  incapable  of  providing  strain  relief  at  the  necessary  rates.  A 

model  using  only  self-interstitials,  however,  can  match  the  data  over  the  temperature 

range  400-1200°C.  We  conclude  that  self-interstitials  are  the  predominant  species  for 
strain  relief  during  Si02  precipitation. 
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ABSTRACT 

In  this  paper  we  re^rt  for  the  firat  time,  results  of  investigations  of  the 
deep  levels  associated  with  oxidation-induced  stacking  faults  decorated  with 
copper  in  n-type  Si.  For  this  purpoM,  Deep  Level  Transient  Spectroscopy  was 
used.  It  is  found  that  the  emusion  behavior  of  the  copper-related  states 
shows  similarities  with  that  observed  in  the  case  of  the  stacking  faults  which 
were  not  intentionally  contmninated.  Their  emission  properties  change 
depending  on  metal  location  on  a  F^rank  partial  dislocation,  and  are  stron^y 
modified  by  copper  diffusion  conditions.  It  is  diown  that  the  electricm 
activity  of  the  extended  defects  is  crucially  important  when  they  are 
decorated  with  copper.  The  results  of  precise  DLTS  profiling  along  the 
extended  defects,  depending  on  their  size,  are  discussed  in  terms  of  the 
gettering  effect  of  metals  at  the  stacking  faults. 


INTRODUCTION 

For  manufacturing  Si  devices  various  technological  steps  are  necessary  in 
which  hi^  temperatures,  including  oxidation  processes,  are  Involved. 
Different  kinds  or  crystallographic  defects,  such  as  dislocations,  stacking 
faults  and  oi^rgen  precipitations  are  then  generated.  Extended  defects  are 
considered  to  be  a  major  factor  limiting  device  performance.  For  example, 
Kolbesen  et  al.  [1]  established  the  influence  of  oxygen-induced  staclung 
faults  (OSFs)  on  increasing  leakage  current  in  metal-oxide-semiconductor  power 
devices. 

It  is  a  well-known  fact  that  extended  defects,  eqjecially  dislocations,  can 
act  as  a  sink  for  metallic  impurities  that  themselves  are  a  continuing  problem 
in  device  technology.  This  is  due  to  the  fact  that  they  introduce  levels 
placed  deeply  in  the  energy  gap,  and  that  is  why  they  can  act  as 
generation-recombination  centers  disturbing  device  characteristics. 

Moreover,  recently  it  has  been  demonstrated  by  Peaker  et  al.  [2,  3]  that  deep 
states  move  to  mid-gm  positions  as  a  result  of  common  action  of  metalhc 
impurities  and  OSFs.  Taking  into  consideration  the  above  facts,  we  see  that 
extended  defects  and  metals,  when  present  in  active  parts  of  devices,  become 
detrimental  to  their  performance  [4,  5].  On  the  other  hand,  for  the  same 
reasons,  extended  defects,  acting  as  sinks,  can  play  a  positive  role  in 
eliminating  metals  when  they  are  outside  active  junctions.  In  both  cases, 
investigations  of  the  interaction  between  the  defects  and  metals  seem  to  be 
important. 

Such  studies  are  also  interesting  from  the  point  of  view  of  fundamental 
understanding.  Since  it  has  been  mown  that  dislocations  can  introduce  a  band 
of  levels,  It  is  still  debated  whether  electrically  active  states  are 
associated  with  dislocations  or  with  the  metals  decorating  the  dislocations. 
In  this  respect  it  is  important  to  study  the  electrical  activity  of  extended 
defects  by  introducing  metal  impurities.  The  investigations  may  also  answer 
the  question  of  whether  extended  defects  should  be  eliminate  or  if  their 
activity  can  be  decreased  by  excluding  metals.  It  is  the  puipose  of  our  work 
to  present  results  of  Dem  Level  Transient  Spectroscopy  (DLl?)  studies  of  deep 
levels  associated  with  (^Fs  decorated  with  Cu  in  n-type  Si.  There  has  been  a 
considerable  amount  of  work  concerning  dislocations,  including  DLTS 
measurements.  However,  most  of  the  work  has  been  done  on  plastically  deformed. 
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and  not  intentionally  contaminated,  crystals.  The  results  obtained  so  far  by 
different  authors  in  n-type  Si  have  reviewed  by  Peaker  and  Sidebotham  [6] 
and  Omling  et  al.  [7].  Several  groups  of  deep  states,  labelled  according  to 
original  notation  from  A  to  D,  have  been  found  (for  the  details  see  [8]). 

In  contrast  to  the  extended  defects  studied  prev!oui,Iy,  OSFs  are  characterized 
by  unique  features  when  nucleated  by  surface  damage.  They  have  equal  lengths 
and  they  are  present  only  close  to  the  surface,  in  a  layer  whose  thickness  is 
determined  by  their  len^hs.  Thanks  to  this,  we  can  study  electrical  activity 
along  the  stacking  fault,  as  well  as  as  a  function  of  its  size. 


EXPERIMENTAL  DETAILS 

The  scheme  of  our  experiments  is  shown  in  Fig.l.  An  Si  wafer  was  cleaved  into 

few  groups  of  sUces.  The  first  was 
polished  (with  1/Lun  diamond  slurry), 
carefully  cleaned  and  oxidised  in  dry  O2 

at  a  constant  temperature  as  a  function 
of  time.  In  this  way,  OSFs  with  different 
final  lengths  (0.7-6)fim  were  produced. 
Next,  the  slices  were  contaminated  fir(»n 
an  infinite  source  by  eviqporation  of  Cu 
on  the  back-side  of  the  slices.  Diffiisiun 
was  performed  at  750'’C  for  30  min  in  Nn 
ambient.  The  slices  chosen,  containin|| 
Sfim  long  OSFs,  were  also  contaminated 
with  Cu  at  differeiit  temperatures  of 
dUfusion  (600  -  900r  C.  After  difiiision, 
all  the  slices  were  cooled  in  air. 

In  parallel,  reference  samples  were 
produced,  i.e.  samples  containing  OSFs, 
not  contaminated  but  aimealed  under  the 

same  conditions  as  those  for  which  diffusion  was  performed.  Additionally, 
another  kind  of  reference  sample,  non-polidied  but  oxidised  f without  OSFs), 
and  so-called  as^own  samples,  were  prepared.  These  two  grotm  were  also 
contaminated  with  Cu  as  a  function  of  temperature  of  dinusion.  After 
oxidation  and  diffusion  processes,  parte  of  the  slices  produced  were  etched  in 
Y3  [9]  and  the  surfaces  were  examined  by  means  of  optical  Nomarski  and 
scanning  electron  microscopes. 

Au-Schottky  barriers  of  1mm  diameter  and  Al-ohmic  contacts  were  evi^rated. 
DLTS  measurements  were  conducted  with  a  Bio-Rad  DL-4600  system.  All  tne  DLTS 

spectra  presented  were  obtained  at  the  rate  window  e  =  2008*^  and  the  pulse 
duration  time  t^=lms. 


EXPERIMENTAL  RESULTS 

From  a  comparison  of  the  DLIIS  spectra  in  contaminated  and  associated  reference 
samples,  it  can  be  concluded  that  Cu  diffusion  results  in  a  pronounced  peak  at 
about  200  K.  Since,  no  additional  levels  with  hi^  concentrations  have  been 
found  in  the  temperature  range  (80  -  350)  K,  we  attribute  the  level  to  Cu.  The 
spectrum  in  the  presence  of  ^un  long  OSFs,  contaminated  with  Cu  at  750'’C,  is 
given  by  the  lar^t  curve  in  Uie  bade  of  Fig.2.  A  broad  line  is  observed  when 
the  DLTS  signd  is  integrated  throu^  the  whole  penetration  depth  of  the 
faults.  However,  as  was  observed  in  the  case  of  s<H»lled  "dean"  OSFs  [8], 
the  line  transforms  into  discrete  peaks  of  point  defect-like  sh^>es  when  the 
electrical  activity  is  profiled  within  thin  dices  along  the  faults.  The 
measurements  were  performed  by  changing  the  reverse  bias  V  while  the  pulse 

amplitude  was  kept  constant  and  equal  to  0.5V 


Fig.l  Scheme  of  experiments. 
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Again,  the  most  remarkable  feature  of  the  spectra  are  changes  in  the 
characteristic  peak  temperature  and  their  associated  changes  in  the  activation 


Fig.2  DLTS  qpectra  for  n-Si  with  3fim  long  OSFs  contaminated  with  Cu  at 
750  C/^  min.  Each  line  represents  a  measurement  for  different  spatial 
window.  The  values  of  reverse  bias  V  and  voltage  levels  of  pulses  V  ^ 

are  shown  at  the  right  hand  side.  In  the  back  of  the  figure  the  DLTS 
plectrum  obtained  at  Vj^  «  -  3.5V  with  V.  sQV  is  shown. 

energy.  The  disappearance  of  the  DLTS  peak  for  observation  r^ons  placed  far 
from  the  surface  also  suggests  a  correlation  of  the  Cu-related  trap  with  Uie 
presence  of  the  OSFs.  In  order  to  diedc  if  such  a  cmnditence  does  not  hiq^n 
acd(k>ntially,  the  spatial  distribution  of  the  t^  as  a  function  of  ^awng 
fault  length  was  determined.  Since  the  penetration  d^th  of  the  OSFs  diaiwes 
with  their  length,  the  qiatial  distributions  were  expected  to  be  substantimly 
different.  The  profiles  obtained  in  tiie  samples  coniaining  C^Fs  with  Uie  finm 
lengths  equal  to  from  0.7pun  to  6ttm  shown  in  the  Fig.3.  IMfiidon  of  Cu  was 
performed  to  all  the  samples  at  750^C.  From  an  insp^on  of  this  figure,  it 
can  be  noticed  that  the  concentration  profiles  of  the  Cu-related  state  follow 
the  penetration  depth  of  our  OSFs.  In  its  turn,  this  means  that  the  metallic- 
impurity  is  also  closely  related  to  the  extended  defects. 

For  mmparison,  an  additional  profile  was  measured  for  the  triqi  associated 
with  Cu  in  a^ample  that  was  not  polished,  but  was  oxidised,  and  contaminated 
with  Cu  (750”C/3umin).  This  sample  contained  extended  defects  different  from 
OSFs,  as  was  reveded  by  etching  in  Y3.  In  this  case,  the  profile  was 
completely  flat  and  did  not  ^ow  any  spatial  correlation  even  to  to  2.5^. 

At  this  point,  it  should  be  added  that  the  results  in  F%.3  give  direct 
evidence  for  the  gettering  effect  at  OSFs.  It  is  obvious  that  ^  is  eliminated 
from  the  r^ons  placed  under  the  OSFs.  The  efliden^  of  the  effect  oui  be 
noticed  from  the  dynamics  of  changes  in  the  trap  concentration.  From  Fig.3, 
one  can  notice  that  the  oincentration  distributions  are  not  homngcneuus  and 
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the  maximum  moves  deeper  into 
the  sanrnle  with  increasing  OSF 
length.  They  tell  us  clearly  that 
the  emission  behaviour  of  the 
trap  and  its  apparent  activation 
energy  change  according  to  its 
location  on  the  FPDs  bounding  the 
OSFs. 

The  emission  properties  are  also 
strongly  dependent  on  the 
diffusion  parameters.  The  samples 
containing  the  3fxm  long  OSFs  were 
contaminated  with  Cu  in  the 
teimerature  range  of  (600-960)°C. 
DLtS  si>ectra  sampling  the  whole 
penetration  deptn  of  OSFs, 
non-typically  in  a  logarithmic 
scale,  are  shown  in  Fig.4.  It  can 
be  noticed  that  the  peak 
amplitude  increases  with 
increasing  temperature  of 
diffiision.  At  the  same  time,  the 
eak  displaces  successively  to 
igher  temperatures.  Simultane¬ 
ously,  it  is  less  broadened  and 
and  nearly  exponential  when  Cu 
is  introduced  at  the  temperature 
of  960”C.  The  latter  effect  is 
better  seen  in  a  linear  scale. 
Additionally,  at  this  point  it  is 
worth  underlining  that  the  level 
of  electrical  activity  of  the 
traps  is  very  low  when  Si  is  free 
from  extended  defects.  The 
concetration  of  the  traps  in  the 
as-grown  samples  which  were  not 
heated  before  diffusion,  and  were 
Cu-diffused  even  at  960°C,  was  as 
11  -3 

low  as  6x10  cm  .  On  the  basis 
of  our  results,  we  can  conclude 
that  the  Cu-related  trap 
considered  seems  to  be 
electrically  active  in  the 
presence  of  extended  defects  and, 
as  we  noticed,  its  activity 
increases  substantially  when  the 
temperature  of  mffusion  is 
higher  than  600°C. 


Fig.3  ^atial  distribution  of  the 
(^-related  trap  in  the  presence 
of  OSFs  with  different  lengths 
a)  1  =  0.7/im,  b)  1  =  1,6/im, 

c)  1  3  fini  ,  d)  1  =  6  fim. 

The  samples  were  contaminated 
with  Cu  at  760°C/30min. 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 

The  e^erimental  results  we  obtained  so  far  are  summarized  in  an  Arrhenius 

Elot.  Tney  are  indicated  in  Fig.  6  by  experimental  points  and  solid  lines. 

evels  1  and  6  are  discussed  in  [8].  For  a  comparison,  data  obtained  by  other 
authors  for  plastically  deformed  n-tjme  Si  are  also  included  in  the  figure  - 
see  refs.  [3-6]  in  [8j.  Additionally,  data  for  cases  when  bulk  stacking  faults 
are  present  in  Czochralski  n-Si  are  also  added  (rhombs)  [10]. 

As  a  result  of  changeable  emission  {properties,  there  is  a  possibility  of 
covering  a  very  wide  part  of  the  Arrhenius  plot  by  sampling  different  regions 
around  OSFs,  or  by  changing  conditions  of  metal  diffusion. 
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Fig.6  Arrhenius  plot  for 
Cu*related  levels 
in  n-Si.  For  the 
details  -  see  text 
and  ref.  [8]. 


Fig.4  DLTS  spectra  for  n-Si. 
with  3(im  long  OSFs 
contanunated  with  Cu 
at: 

a)  600°C  /  40min, 

b)  700°C  /  30min, 

c)  760°C  /  30min, 

d)  800°C  /  30min, 

e)  960°C  /  lOmin 
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In  the  Arrhenius  plot,  results  obtained  for  OSFs  decorated  with  Cu  were 
compared  with  those  found  for  so-called  "clean"  OSFs  [81.  Because  of  the  very 
TOod  coincidence  of  the  results  in  the  common  region  (not  shown  in  the 
Arrhenius  plot),  we  suppose  that  also  in  the  case  of  "clean"  OSFs,  they  are 
tmintentionally  decorated  with  Cu.  On  the  basis  of  oiur  results,  we  would  thus 
like  to  suggest  that  the  whole  wide  region  with  activation  energy  from  0.26eV 
to  0.66eV  IS  reserved  for  Cu  in  the  presence  of  extended  defects.  In  this 
region,  one  can  notice  a  Cu-related  level  at  E.  -  0.4eV  observed  by  Brotherton 

C 

[11]  when  Cu  diffusion  was  performed  at  1000  C/30min  (waved  line).  On  the 
basis  of  our  results,  it  is  not  surprising  that  the  Cu-related  re^on  joins 
two  groups  of  B  and  C  levels,  commonly  observed  in  plastically  deformed  n-type 
Si. 

It  is  worth  noticing  that  plastically  deformed  samples  were  often  annealed  at 
temperatures  of  (700-900)°C.  In  this  temperature  range,  decoration  of  extended 
defects  by  Cu  results  in  appearance  of  pronounced  deep  levels. 

At  the  end,  there  is  the  important  question  of  whether  the  extended  defects 
themselves  are  electrically  active,  or  become  so  when  decoration  by  impurity 
atoms  takes  place.  From  results  of  our  investigations  of  samples  oxidised  but 
not  polished,  i.e.  when  extended  defects  different  from  OSFs  are  present,  the 
level  of  electrical  activity  can  be  stron^y  depressed  when  non-mtentionally 
contaminated  slices  are  carefrdly  cleaned  before  a  heat  treatment.  Then,  the 

11  3 

concentration  of  traps  can  be  decreased  up  to  below  6x10  cm  .  However,  m 
this  way  the  effect  cannot  be  reached  at  such  concentration  levels  in  the  case 
of  OSFs,  probably  because  of  the  high  efficiency  of  gettering  of  contaminate 
by  stacking  faults. 
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ABSTRACT 

Electrical  properties  of  deep  traps  in  "clean"  epitaxial  n-t^  silicon 
containing  oxidation-induced  stacking  faults  have  been  studied  by  Deep  Level 
Transient  Sp^troscopy.  Among  the  various  tri^  detected,  one  shows  a  direct 
correlation  with  the  faults.  The  deep  trap  depth  distribution  proves  that 
electrical  activity  is  associated  with  a  Frank  partial  dislocation  bounding 
the  fault,  not  the  stacking  fault  plane  itself.  Hie  Arrhenius  plot  based 
similarities  of  the  traps  observed,  to  those  detected  in  plastically  deformed 
n-Si,  as  well  as  their  connection  with  impurities,  are  discussed. 


INTRODUCTION 


It  is  well  known  that  extended  lattice  defects  within  the  electrically  active 
region^  are  generally  harmful  to  device  performance,  and  hence  may  cause  ^eld 
problems  •  see  the  refs,  in  [1],  This  is  particularly  important  for  silicon 
technology,  where  the  hi^  temperature  treatment,  as  well  as  oxidation 
processes,  can  give  rise  to  stacking  faults  along  with  other  associated 
extended  defects.  Such  defects,  especially  when  decorated  with  metals,  can 
induce  generation-recombination  centers.  They  increase  the  leakage  current  and 
reduce  minority  carrier  recombination  and  generation  lifetime.  The  main 
problem  is  that  metals  in  Si,  especially  fast-difhising  3d  transiton  metals, 
are  difficult  to  control  [2]. 

Up  till  now,  the  electrical  properties  of  extended  defects  were  intensively 
studied  mainly  on  samples  in  which  structural  defects  were  generated  by 

fdastic  deformation,  followed  by  annealing  at  temperatures  of  up  to  OOO'^C 
3-6].  It  has  been  proposed  by  Omling  et  al.  [6]  that  the  deep  levels  observed 
by  the  different  authors  in  plastically  deformed  n-Si  can  be  divided  into  four 
noups  on  the  basis  of  their  Arrhenius  plots,  as  determined  by  Deep  Level 
Transient  Spectroscopy  (DLTS).  It  has  bWn  concluded  that  the  B  ^oup  of 
levels,  with  thermal  activation  energy  for  emission  of  electrons 
(0.27-0.29)eV,  and  the  D  levels  with  energy  (0.64-0.68)eV,  are  related  to 
point  defects  located  within  or  veiy  close  to  the  dislocation  core.  The  origin 
of  the  A  levels,  with  thermal  activation  energy  of  about  0.18  eV,  has  not  b^n 
suggested.  The  C  groups  of  levels,  Cl  (0.37'0.52)eV  and  C2  (0.48-0.51)eV, 
observed  in  DLTS  as  an  unusually  broadened  peak,  has  been  shown  to  be  produced 
in  direct  proportion  to  the  dislocation  density,  and  are  believed  to  be 
directly  related  to  dislocations. 

In  contrast  to  previous  studies,  we  report  results  of  DLTS  measurements  of  the 
deep  levels  observed  in  the  presence  of  oxidation-induced  stacking  faults 

aal 
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are  {111}  extrinsic  stacking  faults  surrounded  by  a/3  <111  >  Frank  nartial 
dislocations  (FPDs),  and  have  semi-elliptical  shapes,  ilieir  lengths  depend  on 
the  temperature  and  time  of  oxidation.  The  OSFs  nucleated  by  surface  damage 
show  equal  lengths  because  their  growth  starts  from  the  surface  and  commences 
at  the  same  time. 


1464 


ICDS-16 


EXPERIMENTAL 

The  investigations  were  done  on  (100)-oriented,  n-type  Si  layers  grown  by 

conventional  vapor  phase  epitaxy  on  n'^'-Czochralski  sutetrates.  The  layers  were 

doped  with  phosphorous  to  the  level  of  2xl0^^cm*^.  In  order  to  produce 
nucleation  centers,  the  surfaces  of  the  dices  were  damaged,  prior  to  a  heat 
treatment,  by  U^tly  polishing  with  lum  diamond  slui^  (H^rez  Flve^tar). 
The  oxidation  processes  were  performed  in  dry  oxyj^n  wRh  a  flow  of  10  litres/ 
min,  at  atmospheric  pressure  and  temperature  of  lOSO^C,  for  2  hoiurs.  The 
average  length  (at  the  surface)  and  the  density  of  OSFs,  as  determined  from  a 
Nomarski  optical  micrograph  alter  etching  in  Y3  [7]  ,  were  3.6  and 

1x10  cm'  ,  reroectively.  Schottky  barriers  and  ohmic  contacts  were  produced  by 
evaporation  or  Au  and  Al,  respectively.  Quri^  these  processes,  the 
temperature  of  the  samples  was  kept  below  100°C.  Electrical  properties  of  the 
deep  traM  were  studied  by  DLIS  using  a  BIO-RAD  DL-4600  system. 

Due  to  the  fact  that  the  OSFs  grow  on  the  {111}  plane,  the  technique  gives  a 
unique  opportunity  of  profiling  electrical  activity  by  controlling  the  depth 
of  the  OSFs. 


RESULTS  AND  DISCUSSION 

An  example  of  a  typical  DLTS  mectrum  detected  in  the  samples  containing  3.6>|Lun 
long  surface  OSFs  is  presented  in  the  back  of  Fig.l.  In  order  to  momtor  the 
nearly  whole  depth  where  the  OSFs  were  present,  the  measttrement  was  performed 
at  hii^  reverse  bias,  with  the  filling  pulses  goii^  to  OV.  One  can  notice  two 
well-resolved  peaks  at  temperature  of  about  114  Kand  285  K,  and  a  broad  band 
in  the  (140-250)  K  temperature  range,  typical  of  extended  defects.  However, 
this  spe^tum  changes  in|pDdficantljf  wnen  measurements  are  performed  over  a 
narrow  spatial  window.  Ine  experimental  conditions  for  the  measurements  are 
indicated  in  the  Fig.l.  The  succesnve  spectra  presented  correspond  to  deeper 
spatial  windows.  It  can  be  noticed,  tnat  instead  of  a  broad  band,  three 
well-resolved  peaks  are  observed  just  under  the  surface,  labelled  S,  4,  and  5. 
A  characteristic  featiure  of  the  q>ectra  is  a  displacement  of  the  portion  of 
the  main  peak  S  to  hi^dier  temperatures  with  increasing  distance  from  the 
surface.  When  the  simple  DLTO  mode  was  used,  externally  applied  electric  field 

was  similar  at  different  depths,  and  was  about  2xl0^cm'^.  It  was  confirmed 
by  the  Double  Correlation  DL'TS  technique  that  the  displacement  of  the  S  peak 

is  very  small  as  the  external  ftela  ebonges  from  2xloVcm*^  to  TxlO^cm'^. 
That  is  why  a  dependence  of  the  thermal  emission  rate  on  the  electric  field 
cannot  explain  the  effect  observed.  Therefore,  it  seems  that  the  emission 

S>roperties  of  the  defect  change  along  with  its  location  cdong  the  stacking 
aults,  (probably  FPDs). 

The  S  trap  mso  shows  a  change  in  volume  concentration  with  increasing 
distance  from  the  surface.  The  profile  calculated  when  the  width  of  the 
transition  region  was  taken  into  account  exhibits  a  pronounced  continous 
increase  of  trap  concentration  (more  than  one  order  of  magnitude)  up  to  the 
depth  of  about  0.9  fun,  and  then  decreases.  At  the  depth  of  about  1.5  um,  the 
trap  disappears.  The  depth  coincides  very  well  with  the  penetration  depth  of 
our  OSFs,  as  determine  from  transmission  electron  microscopy  studies.  The 
distribution  of  the  deep  state  tells  us  unumbiguously  that  roe  S  peak  is 
associated  with  an  FPD,  not  the  stacking  fault  plwe  itself. 

In  the  case  of  trap  1  (with  energy  E  -  0.19eV),  a  sli^t  increase  of  its 
concentration  was  observed  up  to  the'^depth  of  about  1^.  This  may  suggest  a 
weak  interaction  between  the  defect  and  the  OSFs.  However,  this  trap  also 
exists  in  the  absence  of  OSFs,  i.e.  deeper  than  the  penetration  depth  of  our 
OSFs. 
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Fig.l  DLTS  ^>ectra  for  n-type  Si  containing  surface  OSFs  with  the  final  lenrth 
equal  to  3.6|bun.  The  measurements  were  performed  for  rate  window 

0^=2008*^  and  pulse  duration  time  t^=lm8.  Each  line  represents  a 

measurement  for  a  different  qMttial  window.  The  values  of  the  reverse 
bias  V  1^  and  the  voltage  level  of  the  filling  pulses  V  •  are  indicated 

at  the  rig^t  hand  edge.  In  the  back  of  the  figure,  the  DLTS  spectrum  at 

V  6V  and  V  |  !=0V  is  shown. 

In  contrast  to  traps  S  and  1,  no  influence  of  the  OSFs  on  the  trap  6  profile 
was  found.  A  contmous  increase  of  its  concentration  with  increasing  depth  was 
observed.  The  tr^  6  (E  -  0.54eV  was  also  found  to  be  present  below  the 
penetration  depth  of  the^OSFs. 

the  diaracteristic  behavior  of  the  main  electron  trap  S  has  ejected 
consequences  for  its  piirameters  determined  frmn  the  Arrhenius  p’ot.  It  wisis 
found  that  the  thermal  activation  energ^r  and  the  pre*exponentisl  factor 
incr  '3e  with  increasing  droth,  i.e.  movuig  down  the  stacking  fault.  In 
seve  J  samples  invest^te<C  the  thermal  activation  eneny  diai^.  in 
continous  manner  from  El-0.26  eV  to  E--0.43  eV.  The  region  ofthe  diang<«,  as 

well  as  the  limiting  cases  in  the  Arrhenius  plot,  are  indicated  by  the  arrows 
-  Fig.2.  Since  the  lowest  activation  energy  was  sli^tly  different  firom  sample 
to  sample,  the  high^  value  of  the  energy  showed  a^mptotically  a  correlation 
with  trap  4.  It  should  be  underlined  that  the  values  of  uie  energy  determined 
for  trap  S  are  apparent  values,  since  the  reason  for  the  d^pla(%ments  in  the 
peak  temperature  positions  (Fig.l)  has  not  been  established. 
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Fig.2  An  Arrhenius  plot  for  the  DLTS  peaks  shown  in  Fig.l.  The  8(^d  lines 
with  the  eiqperimental  points  •  our  results.  The  data  obtained  in 
plastically  deformed  n-  Si  are  also  included:  squares  •  after  [3], 
dotted  lines  •  [4],  chain  lines  •  [6],  dashed  lines  *  [6). 


An  Arrhenius  plot  of  the  trqw  detected  in  the  samples,  containing  the  OSFs, 
is  closely  related  to  those  previously  observed  in  plastically  deformed  n-Si. 

The  tri^  1  and  6  are  within  the  A  and  B  groups  respectively.  Due  to  the 
roedfic  behavior  of  the  Unq>  S  ,  it  shows  a  correlation  with  the  B  as  well  as 
C  groups.  . 

In  orderly  to  find  the  ori^n  of  the  traps,  the  samples  containing  the  (XSFs 
diaracterized  by  the  same  final  length  (3.6|iun)  were  cleaned  using  a  different 
procedure  before  the  oxidation  processes.  After  standard  treatment  in  hot 
trichloroethylene,  acetone,  and  methanol,  the  sanmlm  were  finally  cleaned  in  | 

three  ways.  Two  of  them  were  based  on  HF  and  HF,  plus  a  foil  RCA  procedure  | 

[8].  The  riiird  group  was  treated  unconventionally.  Knowii^  that  the  efficiency  1 

of  a  cleaning  procedure  based  on  hydrogen  peroxide  (RCA  solution)  is  § 

time*liinited,  we  utilized  this  fact  in  onter  to  gain  an  uncotroUed  ^ 

contamination  effect.  The  specimens  were  dii^ed  in  a  ^dirty*  lUIA  solution,  # 

i.e.  previously  contaminated  during  the  washing  of  many  wafers.  4 

The  DLTS  spectra  typical  of  the  three  mups  of  samples  a:*e  presented  in  1 

Fig.3.  The  measurements  were  performed,  when  Uie  depletion  edge  coindded  with  m 
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the  penetration  depth  of  the  OSFs.  U  was  found  that  the  DLTS  (qpectra  are 
stroi^y  deTCndent  on  the  cleaninig  procedure.  Trap  6  almost  dia^pears  after 
HF  fuus  RCA,  and  the  concentration  of  tn^)  1  is  also  depressed.  l%e  effect  is 
not  so  clear  in  the  ciise  of  the  broad  band  associated  with  OSFs. 


Fig.3  DLTS  spectra  for  n-sm  Si 
containing  OSFs  cleaned 
in  different  ways: 
a)  HF  +  “dirty"  RCA,  b)  HF. 
c)  HF  -f  RCA.  The  measute' 
ments  were  performed  for 

rate  window  0^^=2008'^, 

pulse  duntion  time 

and  at  V  =-  6V,  V  j=0V. 

The  results  obtained  sug^t  that  traps  6  and  1  are  related  to  the  impurities 
that  are  introduced  intone  samples  during  thermal  processes. 

We  also  supi^  that  the  broad  band  in  the  central  part  of  DLTS  qrectrum  is 
associated  with  non>intentionally  introduced  contaminants.  Specific  behavior 
similar  to  that  presented  in  fig.!  for  die  tnp  S,  was  fot>4  d  in  the  case  of 
the  main  trap  associated  with  intentional  decoration  of  OSFs  with  Cu  [9].  We 
suppose  that  the  weak  dependence  of  the  broad  band  on  the  cleaning  proc^ure 
uftfd  results  from  efficient  gettering  of  the  impurities  by  the  OSFs. 


CONCLUSIONS 

DLTS  plectra  reveal  several  traps  in  n-type  Si  containing  the  OSFs.  One  of 
them,  characterized  by  iqiparent  thermal  activation  energy  for  electron 
emission  from  0.25eV  to  O.^V,  exhibits  qiedfic  behavior  along  the  FPD,  and 
is  closely  related  to  the  presence  of  the  OSFs.  The  trap  1,  vdth  thermal 
activation  ''<er^  equal  to  0.19eV,  shows  a  weak  interaction  with  the  OSFs,  and 
can  also  es  ^  m  the  absence  of  extended  defects.  The  tnq>  6,  with  ener^  of 
0.54eV,  doe.i  ^lot  exhibit  any  qmtial  correlation  with  the  OSFs.  We  suppwie 
that  aU  the  iraps  obseved  are  impurity-rolatsd. 
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ABSTRACT 

CZ  Si  wafers  containing  oxide  particles  of  size  «30  nm  were  subsequently  contaminated  with  cither 
Ni  or  Cu,  given  single*  or  double-anneals  and  fast*  or  slow-cooled.  The  scanning  infra-red 
microsoc^  (SIRM)  was  used  to  determine  the  number  density  and  size  of  the  active  gettering 
centres.  The  results  showed  that  the  gettering  process  depended  on  the  type  of  metal,  the  oxide 
particle  density  and  the  cooling  rate.  For  the  specimens  given  a  double-anneal,  the  gettering 
behaviour  was  often  significantly  different  from  the  specimens  given  a  single-anneal.  The  active 
gettering  centres  were  thermally  unstable  at  hi^  temperatures,  indicating  that  the  gettering  that 
occurs  during  the  fabrication  of  VLSI  is  a  dynamic  process.  Mechanisms  are  proposed  to  explain  the 
results. 

1.  INTRODUCTION 


Due  to  the  increasingly  small  critical  dimensions  used  by  present  day  VLSI  and  ULSI  technologies, 
techniques  used  for  the  removal  of  harmful  contaminants  during  device  (nocessing  are  gaining  major 
importance.  One  such  technique  is  internal  oxide  gettering  (IOC),  mainly  used  for  the  gettering  of 
metal  contamination.  For  lOG,  Czochralski  (CZ)  silicon  wafers  containing  interstitial  oxygen  are 
heat-treated  to  precipitate  the  oxygen  to  produce  oxide  particles  in  the  bulk,  while  keeping  the 
surface  region  of  the  wafers  denuded  of  oxide  particles.  During  the  following  device  processing 
steps,  the  metal  species  ate  attracted  to  the  oxide  particles  and  associated  crystal  defects,  and  away 
from  the  wafer  surface  where  the  devices  are  locatnJ. 


We  have  studied  lOG  in  a  range  of  CZ  silicon  wafers  containing  oxide  particles  with  different  sizes 
and  number  densities  for  a  range  of  fast  diffusing  metal  contaminants  [1  to  4).  The  haze  test  (5)  as 
subsequently  modified  [1]  was  used  to  assess  the  gettering  eHiciency  of  the  lOG  process.  We 
etching  combined  with  optical  microscopy,  transmission  mode  scanning  infra-red  microscopy 
(SIRM)  [6]  and  transmission  electron  microscopy  (TEM)  to  reveal  oxide  particles,  tssociated 
dislocations  and  metal  precipitate  particles,  and  in  particular  to  determine  particle  number  densities, 
particle  sizes  and  3-D  distributions.  It  was  established  that  both  small  (10  to  30  nm)  and  large 
(40  to  80  nm)  oxide  particles  were  eflkient  in  gettering  copper  and  nickel  contamination,  if  present 
in  sufficient  number  densities  within  the  bulk  of  the  wafers,  even  though  the  getting  meclunisms 
were  different  in  the  two  cases. 
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After  previous  studies  of  specimens  closely  similar  to  these  used  for  the  present  woric,  the  following 
mechanisms  were  proposed  for  the  gettering  of  copper  and  nickel  by  small  oxide  particles  [4].  For 
copper,  gettering  starts  with  the  precipitation  of  copper  silicide  partictes  at  individual  oxide  particles. 
The  copper  silicide  particles  then  form  a  colony  with  a  dislocation  loop  bounding  the  colony.  The 
colony  grows  by  the  nucleation  of  additional  silicide  particles  on  the  dislocatkMi  loop  while  the 
dislocation  loop  extenrb  by  climb.  The  dislocation  movement  is  supported  by  excess  silicon  self- 
interstitials  generated  by  the  metal  precipitation.  For  nickel,  metal  silicide  particles  precipitate  at 
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individual  oxide  particles  and  dislocatioa  loops  are  punched  out.  Further  metal  precipitation  occurs 
on  the  dblocation  loops  while  the  loops  gli^  away  from  the  oxide  partr'es  rsew  dislocation 
loops  are  generated.  In  th»  case  disiocation  movement  is  supported  by  s-f'^un  caused  by  the  metal 
precipitation.  These  mechanisms  are  similar  to  results  obtained  from  ind%^)endent  examinations  of 
specimens  with  metal  contamination,  but  without  purposely  introduced  oxkfc  particles  [7,8]. 

In  general,  it  is  advantageous  to  keep  the  oxygen  precipiuiion  at  the  lowest  level  (both  for  size  and 
number  density  of  oxide  particles)  at  which  complete  gettering  can  still  be  adiieved.  In  the  present 
work  we  investigated  the  effect  of  oxide  particle  number  density  variatroiis  and  the  thermal  stability 
of  ^tiering  for  lOG  based  on  small  oxide  particles  in  CZ  silicon  wafers  and  for  co|^  and  nideel 
contamination. 

2.  EXPERIMENTAL 

For  our  present  investigation  three  groups  of  CZ  silicon  wafers  were  given  three-step  annealit^ 
treatments  to  produce  oxide  particles  in  the  Inilk  of  the  wafers.  The  as-grown  wafers  contained 
vTxlO^'^cm'^  oxygen.  The  first  step  was  used  to  control  the  oxide  particle  number  density  by 
dissolving  some  of  the  oxkJe  nuclei  pre-cursors  and  this  siqi  was  either  1100*C  for  IS  min.,  900*C 
for  IS  min.  or  omitted  for  the  three  wafer  ^oups.  In  the  following  the  groups  will  be  referred  to  as 
low,  medium  and  high  number  density  (L*,  M>  and  H>)  respectively.  The  second  and  third  annealing 
steps  were  identical  for  all  three  groups  and  were  800*C  for  4  hours  and  1000*C  for  4  hours. 

The  wafers  were  then  broken  into  pieces  and  intentionally  contaminated  with  either  copper  or  nickel. 
Following  the  contamination,  the  specimens  were  annealed  at  1100*C  for  10  min.  (’drive-in’ 
anneal).  Either  slow  (-S)  or  fast  (-F)  cooling  rates  of  3  C*/inin.  or  100  C*/Kcond  respectively  were 
used  at  the  end  of  the  drive-in  anneal.  In  the  following  these  specimens  will  be  denoted  by,  for 
example,  L-Cu-F  for  low  oxide  particle  number  density,  copper  contamination  and  fast  cool  after  the 
drive-in  anneal.  To  investigate  the  thermal  stability  of  the  gettering,  specimens  M-Cu-S,  M-Cu-F, 
M-Ni-S  and  M-Ni-F  were  given  an  additional  second  drive-in  anneal  and  again  were  cooled  at  either 
slow  or  fast  rates.  These  specimens  will  be  denoted  by  suffixes  such  as  -SF,  and  -FS. 

Gettering  efficiency  was  then  assessed  by  the  modified  haze-test,  and  the  specimens  were  examined 
in  the  SIRM  in  bri^t-field  plan-view  mode,  with  the  SIRM  focussed  in  the  middle  of  the  wafers,  ix. 
»300  ftm  below  the  front  surface.  For  the  SIRM  examination,  the  back  surfaces  of  the  spedmens 
were  polished  mirror  flat. 

3.  RESULTS 
Oxide  particles 

SIRM  images  from  unconuminated  specimens  from  specimen  groups  L-,  M-  and  H-  diowed  daric 
spots  ">2 pm  across  (the  spatial  resolution  of  the  SIRM)  with  very  low  (■*0.1%)  contrast 
corresponding  to  individual  oxide  particles.  From  these  SIRM  images  it  was  determined  that  the 
initial  three-step  annealing  treatments  produced  oxide  particles  with  tuimber  densities  wSKlO^cm*^ 
w6xl0^cm*3  and  •IxlOi’cm*^  for  specimen  groups  L>,  M*  and  H*  respectively  and  csUmaied 
oxide  particle  size  wSO  nm.  The  latter  size  was  in  agreement  with  TEM  reuilts  [9]  obtained  from 
these  specimens. 

Gettering  egiciency 

Following  the  metal  conumination  and  drive-in  anneal,  Seoco  etdiii^  of  the  front  surfaces  of  the 
spccimetB  (haze  test)  revealed  no  surface  precipiutkxi,  indicating  complete  getteririg  of  the  metal 
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contaminalion.  The  only  exception  was  for  nideel  with  the  low  oxide 
particle  number  density  when  fast-cocried  (L>Nf>F),  for  whidi  some 
surface  precipiution  was  revealed  by  etchii^  mdicatii^  incoin|4ete 
lettering. 

SIRM  images  from  the  contaminated  ^tecimens  showed  dark  spans 
or  lines  of  spots  with  increased  contrast.  This  inettased  contrast 
arises  from  gettcred  meui  precipiutii^  at  the  tntide  particles  in  the 
tMilk  in  the  form  of  metal  silicide  particles. 


FicaRl  SntM  ptan-view  mufcs 
from  spedmcns  wiih  Ni 
ooiuaminaiion  aad  foi-coaliiig. 
a)  Low  and  b)  medium  onde 
pariidc  number  demiiks 
(spedmcns  L^NI^F  and  M*Ni*F) 


FhtwxS  sntM  ptam-view  imagn 
from  ydmeni  wMi  Hi 
ooMMiiifiaiion  and  stour-oaotim. 
a)  Low  and  b)  medium  mode 
pattide  mimbrr  dosiiies 
(spedmoB  I.'Ni-S  and 


Nideel  coMominalioH,  diftrent  oxide  particle  mmdter  densities 
For  Ni  and  fast  cool,  SIRM  images  O^iguiel)  showed  qMs  •tlpm 
across  with  number  densities  5x10^  an*^,  6x10^  cm*^  and 
8x10^  cm*^  for  specimens  !«•,  M-and  H-Ni>F  re^wctively.Tbeiqiot 
contrast  progreasivcly  decreased  on  going  from  the  low  oxide 
particle  number  density  specunen  to  the  high  number  density 
specimen.  For  Ni  and  slow  cool,  SIRM  im^es  (^uic  2)  revealed 
spots  mliirn  across  but  with  significtmtly  lower  number  densities 
(2'5xl0^cm*^)  and  with  higher  contrast  (<w30%)  for  all  three 
specimens  0L>,  and  H^Ni'S). 

fiBckel  colUamiMalkmfdoidde  drive-ill  ameal 
For  qtedmen  M*Ni-FS,  SIRM  images  (F^ure  3a)  were  similar  to 
images  from  specimen  showing  spots  3>5  lun  aeross  with 

number  deroities  of  Ixltfianr^  and  with  10*20%  contrast  For 
specimen  MoNi<SF,  SIRM  images  (Figure  3b)  were  very  similar  to 
images  from  spedmen  M-Ni-F,  showing  spots  mlpta  across  with 
SxlO^  cm'^  number  density  and  «  3%  contrast. 

Co/per  coiuamiimtkm,  digerent  oxide  particle  number  densities 
For  Cu  and  fast  cool,  SIRM  images  (Figure  4)  showed  either  imge 
star  shaped  features  lOio  20fim  across  with  the  points  of  the  stars 
alined  alm^<110>  directions  (specimen  L'Cti'F)  or  qmts  »2pm 
across  (spechnens  M-  Md  H<^>F).  Ihe  number  density  was 
4xl0^cm*^  for  the  stars  and  S-dxlO^cm*^  for  the  qxNs  .  The 
contrast  decreased  from  up  to  30%  for  the  stats  to  aw2%  for  the 
spots.  For  Qi  and  slow  co^  SIRM  images  from  specinecn  LoCti<S 
(F^ure  Sa)  showed  large  features  up  to  •‘60  pan  acroa  wMi  fme 
structure  which  included  arms  align^  along  <11Q>  dbections.  The 
number  density  for  these  large  features  was  4xl0^cm*^.  For 
specimen  M'Oi<5,  SIRM  inu^  (Fguie  Sb)  showed  rows  of  ^xNs 
w2|im  amss.T1ie  rows  woe  I0lo2S|iffi  long  and  woe  d^ned 
aloig  <110>  diiectioas.  The  number  deirthy  of  foe  rows  was 
3x10^  cm'3.  SIRM  hn^pes  from  specimen  H'Ci'S  were  very  similar 
to  images  from  M*Cn>F  and  H-Cn>Fshowiiigspott  with  a  number 
dmisity  of  4x10*^  on'^  and  with  w  i%  ooninot. 
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Figures  SIRM  plan-view  images 
from  double-annealed  specimens 
containing  oxide  particles  with 
medium  number  densities,  and  with 
Ni  contamination,  a)  Fast-cooling 
followed  by  slow-cooling  b.)  Slow- 
cooling  followed  by  fast-cooling 
(specimens  M-NI-FS  and  -SF) 


Figure  4  SIRM  plan-view  images 
from  specimens  with  Cu 
contamination  and  fast-cooling, 
a)  Low  and  b)  medium  oxide 
particle  number  densities 
(specimens  L-Cu-F  and  M-Cu-F) 


Coffer  contamination,  double  drive-in  anneal 
For  both  specimens  M*Cu-FS  and  M-Cu*SF,  SIRM  images 
(Figure  6)  were  similar  to  images  from  specimen  M-Cu>S.  showing 
rows  of  spots  10  to  25 /tm  long.  For  specimen  M>Cu*FS,  the 
number  densities  of  the  rows  was  3x10^  with  1.5-4%  contrast  while 
for  specimen  M-Cu-SF,  the  number  density  of  die  rows  was  3x10^ 
with  *•  1%  contrast.  For  M-Cu*FS,  signiflcant  overlapping  of  the 
spots  occurred  within  each  row. 

4.  DISCUSSION 

Ejjects  oj  oxide  particle  number  density  on  the  gettering  oj  nickel 
For  Ni  and  fast  coot,  the  number  densities  of  active  gettering  centres 
(centres  showing  increased  contrast  due  to  metal  precipitation)  and 
the  number  densities  of  oxide  particles  were  closely  the  same  up  to  a 
limit,  above  which  not  all  the  oxide  particles  acted  as  active  gettering 
centres  (specimen  H-Ni-F).  This  can  be  explained  by  considering  a 
diffusion  limited  gettering  mechanism.  After  the  drive-in  anneal,  on 
cooling  down,  metal  supersaturation  occurs.  When  reaching  a  certain 
level  of  supersaturation,  metal  silicide  particles  nucleate  at  some  of 
the  oxide  particles  and  active  gettering  centres  form  through  the 
mechanism  described  in  the  introduction.  Due  to  the  precipitation  of 
the  solute  nickel,  the  supersaturation  decreases  in  a  spherical  zone 
around  the  active  gettering  site.  Since  the  decreased  supersaturation 
is  not  sufficient  for  nucleation  at  additional  oxide  particles  within  the 
depleted  zone,  all  those  additional  oxide  particles  become  ’inhibited’ 
and  will  not  act  as  active  nucleation  centres.  For  Ni  and  fast  cool,  a 
saturation  in  the  number  density  of  active  gettering  sites  was 
observed  at  •SxlO’^cm’^.  For  nickel  and  slow  cool,  the  number 
density  of  active  gettering  sites  was  less  than  the  oxide  particle 
number  density  for  all  three  oxide  particle  number  densities.  During 
the  slow  cooling,  there  is  significantly  longer  time  available  for  the 
nickel  to  diffuse  while  the  supersaturation  is  increasing  only  at  a 
slow  rate,  the  size  of  the  zones  within  which  all  additional  gettering 
centres  are  inhibited  will  be  much  larger  than  for  the  fast  cool  case. 
This  can  explain  the  dramatically  decreased  number  density  of  active 
gettering  centres. 

Thermal  stability  oj  gettered  nickel 

For  M-Ni-FS,  the  drastically  reduced  number  density  of  active 
gettering  sites  (ZxlO^  cm'^  as  compered  to  6xl(P  cm’^  for  M-Ni-F) 
can  only  be  explained  by  considering  the  dissolution  of  all  or  most  of 
the  nickel  silicide  particles  during  the  second  drive-in  anneal.  During 
the  following  slow  cooling,  only  a  small  proportion  of  the  oxide 
particles  will  then  act  as  active  gettering  centres  as  described  above 
for  M-Nl-S.  In  a  similar  manner,  for  M-NI-SF,  most  of  the  nickel 
particles  dissolve  during  the  second  drive-in  anneal.  During  the 
following  fast  cool,  most  oxide  particles  will  initiate  active  gettering 
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Figure  5  StRM  plan>vlew  images 
from  specimens  with  Cu 
contamination  and  slow-cooling, 
a)  Low  and  b)  medium  oxide 
particle  number  densities  (specimen 
L-Cu-S  and  M-Cu-S) 


Figure  6  SIRM  plan-view  images 
from  double-anneaied  specimens 
containing  oxide  particles  with 
medium  number  densities,  and  with 
Cu  contamination,  a)  Fast-cooling 
followed  by  slow-cooling  b)  Slow- 
cooling  followed  by  fast-cooling 
(specimen  M-Cu-FS  and  -SF) 


centres,  resulting  in  a  number  density  of  cm'^  similar  to  the 
number  density  of  active  centres  for  M>Ni«F.  For  M*Ni>FS,  the 
increased  size  of  the  active  centres  (3>S  /tm  across)  as  compared  to 
M-Ni«F  or  -S  (less  than  2  /tm)  can  be  explained  by  considering  that 
during  the  second  drive-in  anneal,  although  most  of  the  metal  is 
dissolved,  not  all  of  the  punched-out  dislocation  loops  anneal  out. 
Consequently,  during  the  following  slow  cooling,  metal  precipitation 
will  start  not  only  at  the  oxide  particles,  but  also  on  the  remaining 
loops  and  more  readily  generate  additional  new  loops,  resulting  in 
large  gettering  centres.  When  cooled  fast,  the  remaining  loops  have 
less  effect,  and  the  resulting  gettering'  centres  will  be  small. 

Ejject  oj  oxide  particle  number  density  on  the  gettering  oj  coffer 
For  Cu  and  fast  cool,  a  saturation  level  (»5xl0‘^cm*3)  in  the 
number  density  of  the  active  gettering  centres  can  also  be  observed 
and  can  be  explained  by  the  diffusion  limited  gettering  mechanism. 
However,  for  Cu  and  slow  cool,  the  number  densities  of  the  active 
centres  are  higher  than  what  would  be  expected  for  the  diffusion 
limited  process.  The  increased  number  densitiu  can  be  explained  by 
considering  the  rate  at  which  the  copper  silicide  colonies  can  grow  as 
the  limiting  factor.  The  growth  rate  of  the  colonies  can  be  relatively 
low  since  the  expansion  of  the  colonies  involves  dislocation  climb 
and  the  bounding  dislocations  can  be  pinned  by  the  silicide  particles. 

Thermal  stability  ojgettered  coffer 

For  M-Cu-FS,  the  formation  of  large  active  gettering  centres  with 
low  number  densities  (as  compared  to  M-Cu-F  and  -S)  can  be 
explained  by  considering  that  ail  or  most  of  the  copper  silicide 
particles  are  dissolved  during  the  second  drive-in  anneal.  Since  the 
colonies  produced  by  the  first  drive-in  anneal/fast  cool  were 
relatively  small,  the  dislocation  loops  bounding  the  colonies  are 
annealed  nut  or  significantly  reduced  in  size  during  the  second  drive- 
in  anneal.  During  the  following  slow  cool  nucleation  starts  at  a  small 
number  of  remaining  dislocation  loops,  resulting  in  a  reduced 
number  density  of  active  gettering  centres.  However,  for  M-Cu-SF, 
the  first  drive-in  anneal/slow  cool  produced  large  colonies.  Although 
all  or  most  of  the  metal  is  dissolved  during  the  second  drive-in 
anneal,  most  of  the  bounding  dislocations  will  only  reduce  in  size 
and  will  not  anneal  out  completely.  During  the  following  cooling 
down,  all  of  these  remaining  loops  will  act  as  active  gettering 
centres,  resulting  in  numter  densities  similar  to  the  number  density 
of  active  gettering  centres  for  M-Cu-S, 

5.  SUMMARY  AND  CONCLUSIONS 

The  results  show  that  when  CZ  Si  wafers  containing  oxide  particles 
of  size  «  30  nm  are  subsequently  contaminated  with  either  Ni  or 
Cu,  annealed  at  1100  C”  and  cooled,  the  gettering  behaviour 
depends  on  the  particular  metal,  the  oxide  particle  number  density 
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and  the  cooling  rate.  For  example,  there  is  a  saturation  number  density  (SND)  for  oxide  particles, 
above  which  the  additional  oxide  particles  are  no  longer  active  in  the  gettering  process.  The  SND 
was  shown  to  be  8x10^  cm'^  for  Ni  and  5x10*^  cm"^  for  Cu.  If  such  gettered  wafers  are  given  a 
second  gettering  treatment,  the  behaviour  that  then  occurs  is  often  significantly  different  from  the 
earlier  behaviour.  For  example,  the  gettering  can  be  modified  due  to  the  presence  of  dislocations 
associated  with  the  individual  oxide  particles  that  remained  from  the  first  gettering  treatment.  Hie 
results  demonstrate  that  the  active  gettering  centres  are  not  stable  at  high  temperatures,  and  indicate 
that  the  gettering  that  occurs  during  the  fabrication  of  VLSI  is  a  dynamic  process. 
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ABSTRACT 

We  have  studied  the  morphology  change  of  oxygen  precipitates  during  two-step  heat- 
treatments  in  Czochralski  silicon  (CZ-Si)  wafers  by  transmission  electron  microscopy 
(TEM),  high  resolution  electron  microscopy  (HREM),  and  Fourier-transform  infrared 
absorption  spectroscopy  (FT-IR).  We  have  found  that  the  morphology  change  during 
low  and  high  temperature  two-step  annealing  is  not  necessarily  continuous;  thermal 
donors  (TDs)  dissolve  into  solute  oxygen,  and  platelets  shrink  out  and  simultaneously 
octahedra  are  newly  nucleated  in  the  second  high-temper^ture  annealing.  The 
precipitate  morphology  is  determined  by  the  relaxation  process  of  the  lattice  stress  due 
to  the  volume  difference  of  the  oxide  and  the  matrix  silicon,  i.e.,  the  platelet  is  a 
favorable  shape  to  reduce  the  strain  at  lower  temperatures  and  the  octahedron  is  easily 
formed  with  the  stress  release  by  self-interstitial  emission  at  more  than  1000‘’C. 


Introduction 

Oxygen  in  CZ-Si  wafers  is  well  known  as  a  useful  impurity  to  improve  the  wafer 
strength  [1,  2]  and  the  purification  of  device  region  by  the  so-called  intrinsic  gettering 
technique  [3,  4].  However,  the  precise  control  of  oxygen  precipitation  is  needed  to 
obtain  the  appropriate  wafers  with  the  both  ability  of  strengthening  and  gettering  in 
multiple  heat-treatments  of  the  device  manufacture.  In  order  to  provide  such  wafers, 
it  is  important  that  the  successive  precipitation  mechanism  be  clear  in  the  heat- 
treatments.  Although  many  authors  have  reported  the  oxygen  precipitation  behavior 
{e.g.,  Bourret  [5]  for  a  review),  the  detailed  mechanism,  for  example,  the  question  on 
the  continuity  of  the  precipitation  process  from  TDs  to  octahedra,  is  not  clarified  yet. 
And  sometimes  we  can  see  peculiar  problems  of  the  precipitate  distribution  in 
association  with  the  Si- wafer  thermal  history  [6,  7).  The  problem  still  remaining  to  be 
solved  is  how  the  thermal  history  in  the  crystal  growth  to  device  fabrication  process 
effects  the  precipitate  formation  and  distribution.  As  one  of  the  first  steps  to  know  the 
precipitation  mechanism  during  consecutive  heat-treatments,  we  have  studied  the 
morphology  change  and  the  formation  behavior  of  the  secondary  defects  such  as 
dislocation  loops  and  stacking  faults  by  TEM,  FT-IR,  and  resistivity  measurement. 

Experimental  procedure 

Specimens  were  n-type  (phosphorous  doped,  l.OQ  cm),  <110>  orientation,  CZ-Si 
wafers.  The  oxygen  and  carbon  concentrations  were  between  9.5-10.0  x  10^2/ and 
less  than  lO^^/cm^,  respectively.  The  oxygen  concentration  was  measured  at  room 
temperature  by  FT-IR  with  a  1106an'^  absorption  line  and  a  conversion  factor  of  3.03  x 
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1017/ cm2,  xhe  change  in  carrier  density  was  examined  by  eddy-current  resistivity- 
measurenrent.  TEM  (Hitachi  H800)  and  HREM  (JEOL  4000EX)  observations  were 
operated  at  200kV  to  avoid  the  electron-irradiation  damage  observed  significantly  in 
400  kV  operation.  The  TEM  specimens  were  cut  from  the  same  center  positions  of  the 
wafers  to  prevent  the  influence  of  oxygen-concentration  fluctuation.  Heat  treatments 
were  performed  in  quartz  furnaces  with  purified  nitrogen  ambient  gas,  following  a 
common  wafer  cleaning  procedure  for  the  device  fabrication. 


Experimental  results 


I.  Single  heat-treatment 

The  morphology  change  of  the 
precipitates  was  observed  by 
TEM  with  the  specimens  sub¬ 
jected  to  single  heat-treatments 
between  400-1100°C.  Although 
no  precipitates  or  no  other  de¬ 
fects  were  obtained  by  TEM  in 
the  samples  treated  at  400  and 
\  450®C  for  up  to  312  hours,  TD 

formation  was  confirmed  by  the 
increase  in  carrier  density  from 
5.0  x  10l5  (as-prepared  level)  to 

II. 2  X  10l5/cm3  at  450°C  for  120 
hours.  Rod-like  defects  elongate 
in  <110>  were  observed  between 
550-750®C.  Platelets  lying  on 
{100}  planes  were  formed  be¬ 
tween  650-1000°C.  Octahedra 
bounded  by  eight  (111)  planes 
but  usually  trimcated  by  {100} 
planes  were  seen  at  1100°C. 
Typical  micrographs  are  shown 
in  fig.  1.  As  a  specific  result,  at 
900  and  1000®C,  each  precipitate 


Fig.  1:  TEM  micrographs  in  the  specimens  after 
single  aimealing  at  600, 800, 1000,  and  1100®C  for 
120  hours. 


is  indeed  nearly  square  in  shape,  bounded  by  a  dislocation  loop;  however,  it  is  not  one 
perfect  plate  but  an  oxide  colony,  which  looks  like  a  dendritic  or  ameba  shape.  Perfect 
dislocation  loops  were  observed  in  900-1 100®C  treatments.  On  the  contrary,  no  stacking 
faults  could  be  found  in  every  specimen  after  single-step  heating  even  at  1100°C. 


2.  Two-step  heat-treatment 
A.  450°C  +  second  annealing 


Using  pre-annealed  wafers  at  450°C  for  120  hours,  we  investigated  TD  disappearance- 
behavior  during  the  second  annealing  at  650, 800, 1000,  and  1100“C  for  1-16  hours.  Tbe 
increased  carrier-density  by  TD  formation  in  the  pre-anneal  was  recovered  to  the  as- 
prepared  level  and  thus  TDs  vanished  completely  after  the  second  treatments  at  all 
above  temperatures.  Corresponding  to  TD  disappearance,  the  solute-oxygen 
concentration  (fig.  2)  also  increased  up  to  the  as-prepared  level  for  the  first  one  hour. 
It  indicates  that  TDs  are  broken  and  dissolve  into  solute  oxygen.  Afterward  the 
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concentration  decreased  again  at  650-  jj^Iq 

1000°C  but  almost  unchanged  at 
1100°C.  This  is  caused  by  new  precipi¬ 
tate  nucleation  and  growth.  ss-  io 

prepared"* 

B.  800°C  +  second  annealing 

The  platelets  formed  at  800°C  also  dis¬ 
solved  during  the  second  annealing  at 
1000  and  1100**C  As  an  example,  a  set 
of  TEM  micrographs  taken  from  the 
specimens  subjected  to  800  +  1100®C 
treabnent  is  shown  in  fig.  3.  After  half 
an  hour,  many  of  the  platelets  have 
shrunk  out  but  some  still  remain,  and 
also  stacUng  faults  and  new  small  pre¬ 
cipitates  are  simultaneously  generated. 

After  four  hour  treatment,  the 
platelets  have  entirely  disappeared, 
and  only  the  stacking  faults  and  the 
small  precipitates  can  be  seen.  The 
morphology  of  the  platelets  and  new  small  precipitates  was  determined  by  HREM, 
as  each  typical  image  is  shown  in  figs.  4(a)  and  (b).  The  form  of  the  new  small 
precipitates  is  a  truncated  octahedron.  The  octahedral  shape  but  not  in  perfect  was 
also  observed  at  1000®C  (fig.  6(b)).  The  dissolution  of  platcdets  and  the  formation  of 


2nd  Annealing  Time  (hr.) 
Fig.  2;  The  change  in  solute-oxygen  concen¬ 
tration  during  450  +  650, 800, 1000,  or  1100®C 
two  step  annealing. 


800’C,12Chr.  +1100®C,1 .Ohr.  +1 1 00®C, 4. Ohr. 


Fig.  3:  A  set  of  TEM  miaograp^  showing  the  morphology  change  of  the  precipitates 
and  the  secondary  defects  in  the  2nd  anneal  at  1100®C  after  800®C  pre-annealing. 


octahedra  were  confirmed  by  FT-IR  (fig.  5(a))  and  oxide  number-density  (fig.  5(b)) 
measxirements.  The  solute-oxygen  concentration  is  regained  over  the  solubility  limit 
right  after  the  second  heating  is  started.  This  result  desc.ibes  that  the  plate-like 
shape  is  no  longer  stable  and  dissolve  at  1000  and  1100*C.  Moreover  the  subsequent 
re-decrease  of  the  concentration  and  the  inaease  of  the  number-density  mean  that  the 
octahedri»I  shape  is  mate  stable  so  that  it  is  newly  nucleated  and  grow.  However, 
occasionally,  we  found  the  thick  center  parts  of  relatively  large  platelets  could  grow 


and  change  continuously  into  octahedra,  which  Bergholz  et.  al.  18J  called  fins,  as 
shown  in  figs.  6(a)  and  (b).  _ 


(a)  (b) 

Fig.  4:  HREM  images  of  a  platelet  formed  after  800“C,  120h  (a),  and  of  a  small 
precipitate  formed  after  800°C,  120h  +  1100°C,  4h  (b). 


(x10^^/an^) 


1 1 00®C 


1000®C 


800‘’C,120hr. 


1  2  3^'  16 

2nd  Annealing  Time  (hr.) 


(xlO^^/cm^) 


4  8  12  16 

2nd  Annealing  Time  (hr.) 


Fig.  5:  The  changes  in  solute-oxygen  concentration  (a)  and  precipitate  number-density 
(b)  during  the  2nd  treatment  at  1000  and  1100“C  after  pre-annealing  at  800‘’C  for  120h. 


(a)  (b) 

Fig.  6:  HREM  images  showing  the  morphology  change  of  the  platelet  precipitate.  Note 
that  the  thick  center  part  changes  into  an  octahedron  with  dissolution  of  the  other 
parts,  (a):  800®C,  120hr.  +  1000*C,  l.Ohr.  (b);  EOO'C,  120hr.  +  1000®C,  16hr. 
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Discussion 

1.  Morphology  in  single  heat-treatment 

The  morphology  of  oxygen  precipitates  formed  in  single  heat-treatments  was  small 
platelets  at  650-800°C,  large  platelets  at  900-1000°C,  and  octahedra  at  1100°C.  Although 
these  are  basically  the  same  results  as  the  previous  papers  by  many  authors  [e.g.  5, 8], 
we  have  found  more  detailed  structure  of  the  large  platelets;  remarkably  at  1000°C, 
each  plate  is  bounded  by  a  perfect  dislocation  to  form  a  square  but  consists  of  a  colony 
of  small  particles  with  dendritic  or  ameba  shape.  The  volume  number-density  and  the 
mean  size  were  around  lO^/cm^  and  a  few  micrometers,  respectively.  In  that  density 
without  new  nucleation,  since  we  did  not  recognize  significant  density-increase  with 
respect  to  annealing  time,  the  platelets  may  extend  their  size  in  a  dendritic  shape  on 
their  planes.  Why  they  prefer  growing  in  such  a  dendritic  way  is  a  new  problem  for 
the  future  study. 

2.  Dissolution  and  new  fonnation  of  the  precipitates 

We  observed  the  dissolution  of  lower  temperature  precipitates  and  the  formation  of 
different  shape  precipitates  in  the  second  higher  temperature  annealing.  TDs  dissolve 
into  solute  oxygen  and  therefore  they  cannot  become  the  new  nuclei  formed  at  more 
than  650®C.  The  platelet  shape  is  fundamentally  unstable  and  shrink  out  at  higher 
than  1000°C,  although  some  platelets  change  their  shape  to  an  octahedron  in  the  case 
that  their  center  parts  are  thick  enough  to  grow.  We  consider  that  the  pre-formed 
oxygen  precipitates  are  disintegrated  and  dissolve  unless  they  are  stable  in  teims  of 
morphology  as  well  as  size  for  the  nuclei  in  the  second  heat-treatments. 

On  the  other  hand,  we  know  the  fact,  from  experience  and  other  reporters  [e.g.  9],  that 
the  precipitate  density  in  a  low  and  high  temperature  two-step  anneal  is  several  orders 
of  magnitude  more  than  that  in  a  single  anneal.  Thus,  it  is  natural  that  the  solute 
oxygen  may  exist  not  only  in  single  interstitial  atoms  but  also  in  some  different 
clusters,  as  proposed  by  Snyder  et.  al.  [10].  The  density  and  the  size  of  oxide  precipitates 
may  depend  on  how  many  such  clusters  are  stable  in  the  wafers,  which  can  be  called 
the  thermal  history.  We  emphasize  that  we  must  take  the  morphology  as  well  as  size 
into  account  to  consider  the  nucleation  and  growth  mechanism  because  the 
morphology  change  is  not  always  continuous. 

3.  Secondary  defect  formation  and  precipitate  morphology 

The  secondary  defect  formation-mechanisms  have  been  already  proposed  for  the 
dislocation  loops  by  Tan  et.  al  [11]  and  for  the  stacking  faults  by  Patel  [12]  and  Mahajan 
et.  al  [13].  Both  mechanisms  are  based  on  the  relaxation  process  of  the  strain  due  to 
the  volume  difference  of  the  precipitates  and  the  matrix  silicon.  Dislocations  are 
punched  out  and  stacking  faults  are  formed  by  self-interstitials  emission  and 
agglomeration. 

In  this  study,  perfect  dislocation  loops  were  mainly  observed  in  single  annealing  but 
stacking  faults  were  dominantly  formed  after  two-step  annealing.  The  morphology  of 
the  precipitates  is  different  in  single  treatments  at  1000  and  1100°C  but  the  size  is 
similar  and  very  large,  more  than  SOOnm.  With  such  a  big  volume,  the  mechanical 
compression-stress  around  the  precipitates  is  so  high  that  the  dislocations  are  easily 
introduced  during  cooling  processes  in  the  heat-treatments.  However,  the 
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concentration  of  the  precipitated  oxygen  is  so  small  (less  than  10^"^ /cm^)  that  the  self¬ 
interstitial  emission  is  insufficient  to  form  stacking  faults.  In  the  two-step  treatments, 
many  small  octahedral  precipitates  (less  than  50nm  in  size,  10l2.iol3/cm3  in  density,  5 
X  10i7/cm3  in  amount  of  precipitated  oxygen)  occur  wi'.h  the  platelet  dissolution.  The 
growth  of  such  many  octahedra  can  generate  much  more  self-interstitials  than  those 
consumed  by  the  dissolution.  Besides,  the  octahedra  can  become  the  stacking-fault 
formation  centers.  Therefore,  only  could  we  observe  the-  stacking  faults  after  two-step 
treatments. 

From  these  results,  and  also  considering  that  no  stacking  faults  are  formed  at  800‘’C  in 
spite  of  a  lot  oi  precipitates,  we  support  the  idea,  suggested  by  Hu  [14]  and  Tiller  [15], 
that  the  self-interstitial  emission  is  dominant  as  a  stress  relaxation  process  at  more 
than  lOOO^C  and  thus  octahedral  shape  can  easily  grow.  On  ths  contrary,  at  lower 
temperatures,  the  emission  may  be  infrequent  so  that  plate-like  morphology  is 
favorable  to  reduce  the  strain.  Conclusively,  fte  formation  of  the  secondary  defects  are 
mutually  and  strongly  related  to  the  precipitate  morphology. 
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ABSTRACT  | 

The  removal  of  damage  and  the  electrical  activation  after  heavy  ion  implantation  of  ***"’Cd  and  i 

***In  was  investigated  using  the  perturbed  angular  correlation  technique  (PAC)  and  Hall  j 

measurements.  After  implantation  at  90  K  and  subsequent  annealing  the  removal  of  structural  | 

disorder  in  the  vicinity  of  the  probe  atom  ***In  was  observed  around  300  K  in  GaAs  and  InP.  The  | 

annealing  behavior  in  the  high  temperature  regime  (SOO  K  to  1100  K)  of  GaAs  implanted  with  / 

***'"Cd  and  ***In  was  investigated  as  a  function  of  total  implantation  dose.  After  annealing  at  ] 

600  K  part  of  the  Cd  probe  atoms  are  located  in  a  slightly  perturbed  environment,  the  remainder  in  i 

a  heavily  perturbed  one.  For  Cd  annealing  above  900  K  leads  to  outdiffusion  of  Cd  located  in  \ 

heavily  perturbed  sites  and  electrical  activation  occurs.  In  contrast  to  Cd  all  In  probe  atoms  are  I 

located  in  a  slightly  perturbed  environment  and  no  In  is  lost  by  outdiffusion.  The  differences  and  i 

similarities  of  results  obtained  after'Cd  and  In  implantation  are  discussed  in  terms  of  extended  ‘ 

defects  and  their  interactions  with  the  probe  atoms.  f 

t 

1.  Introduction  j 

Most  of  the  investigations  concerning  the  recovery  of  III-V  compound  semiconductors  on  a  | 

microscopical  scale  were  performed  after  irradiation  of  these  materials  with  electrons,  protons  *,  or  | 

neutrons^.  The  situation  after  heavy  ion  implantation  is  different  and  up  to  now  not  well  j 

understood.  Ion  implantation  is  leading  to  a  much  higher  defect  concentration,  creating  amorphous  I 

regions  in  the  material  already  at  small  doses  3.  Studies  of  high  temperature  annealing  of  | 

implantation  damage  above  600  K  in  III-V  materials  mostly  look  at  the  electrical  activation  of 
dopants^  and  supply  no  direct  information  on  the  annealing  mechanisms.  The  basic  defect 
reactions  were  investigated  at  lower  temperature  by  Rutherford  backscattering  emission 
channeling  (EC)^,  positron  annihilation and  MOBbauer  measurements*^.  As  it  was  already 
shown,  PAC  is  also  able  to  supply  information  on  the  annealing  behavior  of  implanted 
dopants The  extension  to  different  probe  atoms  (***In  and  mioCd)  and  the  variation  of 
implantation  temperature  and  dose  allow  a  more  detailed  discussion  of  the  obtained  PAC  data  in 
this  work. 

2.  Method 

The  PAC  technique  is  sensitive  to  electric  field  gradients  (efg)  present  at  the  site  of  the  probe  atom, 
in  our  case  ***In  (f|/2  =  2.8  days)  or  l*ln>Cd  (tj/2  =  48  min),  both  decaying  via  the  same 
intermediate  nuclear  state.  The  interaction  of  the  efg  with  the  quadrupole  moment  Q  of  this  state  is 
detected  via  the  modulation  of  the  anisotropy  in  the  angular  correlation  of  the  two  consecutively 
emitted  Y  rays. 


. . . . . . . 
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Table  I:  Classification  of  unperturbed 
(fu)>  slightly  perturbed  (f^p),  heavily 
perturbed  (ff^)  environments  and  strong 
perturbation  involving  an  associated  defect 
(fad)  respect  to  the  mean  coi^>ling 
constant  Vq  and  its  distribution  width  Avg 

The  recorded  coincidence  signal  R(t)  can  be  described  by  the  following  equation  with  A  -  -0.13  for 
“llnandA  =  0.13forlli'"cd: 

3 

R(t)  =  ASfi(  I  e-"'^''®‘  S„  cos(n^VQit))  (1) 

i  n=0 

A  fit  of  equation  (1)  to  the  experimental  R(t)  spectra  yields  the  fractions  fj  of  probe  atoms  in 
different  environments,  characterized  by  their  mean  hyperfine  quadrupole  coupling  constants  Vq; 
and  the  widths  of  the  corresponding  distributions  Avqi.  The  presence  of  a  single  unique  efg 
(vq  >  0  MHz,  Avq  s=  0  MHz)  leadi  to  a  periodic  modulation  of  the  anisotropy  tagged  by  the 
coupling  constant  Vq  =  eQVjj^/h,  where  is  the  main  component  of  the  traceless  efg  tensor.  A 
distribution  of  efg  centered  at  zero  results  in  a  continuous  decay  of  anisotropy  (Fig.  IB).  The  width 
of  the  efg  distribution  is  equivalent  to  the  mean  strength  of  perturbation  and  a  very  narrow 
distribution  (Avq  <0.1  MHz)  around  zero  is  regarded  as  an  unperturbed  environment.  A  faster 
relaxation  of  anisotropy,  equivalent  to  a  broader  distribution  of  efgs,  is  characteristic  for  a  slightly 
or  heavily  perturbed  environment  of  the  probe  atom.  A  distribution  centered  at  higher  Vq  values, 
what  is  reflected  by  a  damped  periodic  modulation  in  the  spectrum  (Fig  lA),  is  inteipreted  as  a 
defect  in  the  nearest  neighborhood  of  the  probe  atom  superimposed  by  the  perturbations  of 
additional  more  distant  defects.  In  Table  1  the  classification  of  different  environments  as  used  in 
this  work  is  summarized.  A  more  detailed  discussion  of  the  method  is  given  elsewhere 


fu  ^sp  ^hp  ^ad 

Avq(MHz)  <0.1  0.1-10  >10  100 

Vq(MHz)  0  0  0  »250 


3.  Experimental  Details 

In  our  experiments  we  have  used  LEC  grown  <1(X)>  cut  undoped  semiinsulating  CaAs  and  InP 
samples  which  were  implanted  with  stable  As,  Ga,  and  Cd  and  radioactive  ^^Un  or  iHioCd  under 
conditions  which  are  summarized  in  Table  2.  In  addition  to  the  used  energies  and  doses  the 
resulting  maximum  concentrations,  the  depths  and  the  widths  of  the  implantation  profiles  for  GaAs 
are  given  as  determined  by  TRIM  calculations 

The  HlmQ]  implantation  was  performed  at  the  on-line  isotope  separator  ISOLDE  at  CERN.  After 
implantation  the  samples  were  annealed  under  flowing  N2  in  a  rapid  thermal  annealing  setup  for 
20  s  (GaAs)  or  10  s  (InP).  In  order  to  minimize  surface  decomposition  the  samples  were  covered  by 
a  face  to  face  proximity  cap,  consisting  of  the  respective  material.  Determination  of  the  sample 


Implant 

Energy 

(kcV) 

Dose 

(lO^^cm-^) 

Depth(width) 

(nm) 

Maximum  cone. 
(10*”^  cm'^) 

lllmCd 

60 

<1 

25(22) 

<1 

”>In(+Cd) 

60 

5 

25  (22) 

15 

Cd 

60 

13 

25(22) 

40 

Cd  -  triple 

150, 320,640 

2, 10, 15 

130(200) 

10 

As 

45 

100 

22(22) 

320 

Ga 

45 

100 

25(26) 

300 

Table!:  Energies  and  doses  used  for  different  implanted  species.  Additional  irformation  on  the 
residting  implantation  profiles  calculated  by  TRIM  is  given  for  the  case  of  GaAs. 
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activity  before  and  after  annealing  allowed  to  measure  the  outdiffusion  of  radioactive  dopants  with 
an  absolute  accuracy  of  about  10  %.  Samples  dedica.  *d  to  electrical  measurements  were  triple 
implanted  with  Cd  (Table  2)  and  Au  contacts  were  evaporated  on  Be  implanted  comers  in  order  to 
petform  Hall  measurements  in  standard  Van  der  Pauw  geometry  at  liquid  nitrogen  and  ambient 
temperature. 


4.  Results  and  Discussion 

In  Fig.  I  the  R(t}  spectra  recorded  after  implantation  into  GaAs  at  90  K  (A)  and  at  3(X)  K  (B) 
are  displayed.  The  cold  implanution  results  in  a  distribution  of  strong  efgs  around  290  MHz,  as 
indicated  by  the  dip  in  the  time  spectra  between  0  and  30  ns.  The  large  width  of  the  distribution  is 
leading  to  a  strong  damping  of  the  R(t)  signal,  therefore  only  one  period  of  the  modulation  is 
visible.  After  implantation  at  3(X)  K  the  situatitm  is  different.  A  distribution  of  efg  around  zero  is 
observed,  as  seen  in  a  continuous  nearly  exponential  decay  of  anisotropy  in  Fig.  IB. 

The  R(t)  spectra  recorded  during  an  isochronal  annealing  program  between  160  K  and  380  K  were 
analyzed  using  equation  (1).  The  results  in  Fig.  2  show  that  up  to  annealing  at  250  K  vq  is 
unchanged.  The  corresponding  strong  efgs  indicate  that  defects  are  located  in  the  direct  vicinity  of 
the  probe  atom,  most  probably  in  the  first  neighbor  shell.  The  observed  broad  distribution 
(Avq=  130  MHz)  is  attributed  to  the  existence  of  additional  more  distant  defects  leading  to  a 
superposition  of  the  strong  efg  with  weaker  efgs.  At  annealing  temperatures  above  250  K  the  mean 
Vq  value  of  the  efg  distribution  shifts  to  lou^  values,  indicating  a  reduction  of  disorder  in  the 
direct  vicinity  of  the  probe  atom.  After  annealing  at  380  K  the  next  neighbor  shell  has  recovered,  as 
indicated  by  the  disappearance  of  strong  efgs  around  290  MHz,  leaving  the  probe  atoms  in  a  still 


EigJi 

PAC  spectra  of  CaAs  implanted  with  at 
90  K  (A)  and  300  K  (B),  and  of  GaAs 
implanted  with  and  subsequeiuly 

annealed  at  800  K(C)  for  20  s. 


Fif.  2: 

Average  coupling  constant  Vg  of  the  efg 
distribution  in  GaAs  and  tnP  implanted  with 
^^lln  at  90  K  as  a  function  of  annealing 
temperature.  The  samples  were  annealed  in  an 
ethanol  bath  for  10  min. 
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heavily  perturbed  environment,  however  without  nearby  defects,  characterized  by  Vq = 0  MHz  and 
Avq = 60  MHz.  This  remaining  perturbation  is  attributed  to  a  large  concentration  of  point  defects  in 
the  lattice  not  directly  associated  to  the  probe  atoms. 

Emission  channeling  measurements  (EC)  observed  an  annealing  suge  between  200  K  and  350  K 
after  l^^In  implantation  at  100  K,  which  was  attributed  to  a  common  recovery  of  the  lattice 
allowing  channeling  of  electrons  emitted  from  ^^^In  on  substitutional  sites  Below  250  K  the 
probe  atoms  location  with  respect  to  the  total  lattice  is  not  well  defined.  Since  EC  and  PAC  results 
were  obtained  uncter  comparable  conditions  we  attribute  the  above  reported  annealing  sta^  (Erg.  2) 
to  the  recovery  of  the  direct  neigbmhood  of  the  probe  atom,  accompanied  by  the  incorporation  of 
In  on  well  defined  substitutional  Ga  sites.  MdBbauer  experiments  reveal  also  an  ane^ing  stage 
around  3(X)  K,  attributed  to  the  incorporation  of  In  on  substitutional  sites  and  to  the  annealing  of 
close  defects  >2. 


The  situation  after  implantation  at  90  K  into  InP  is  similar  to  that  in  GaAs.  A  broad  efg 

distribution  centered  at  260  MHz  is  observed.  According  to  the  annealing  data  in  Fig.  2  the 
recovery  stage  seems  to  occur  at  the  same  temperature.  But  in  contrast  to  GaAs  in  InP  an 
implantation  well  above  room  temperature  is  necessary  to  anneal  the  associated  defects  during  the 
implanution,  visible  fiom  the  disappearance  of  the  dip  in  the  time  spectrum.  Therefore  the 
annealing  occurs  at  slightly  higher  temperature  in  InP.  This  is  in  agreement  with  the  results 
obtained  with  EC  measurements 

The  recovery  of  GaAs  at  higher  temperature  was  investigated  after  implantation  of  IHoiCd  and 
Hlln.  For  Cd  the  heavily  perturbed  fraction,  which  is  observed  after  implantation  at  ambient 
temperature,  ^lits  in  two  different  fractions  f|,p  and  f^,  after  annealing  rrfrove  500  K.  Fig.  1C  shows 
a  typical  R(t)  spectrum  after  Hl">Cd  implantation  at  ambient  temperature  and  subsequent  annealing 
at  800  K.  The  initial  fast  decay  of  anisotropy  corresponds  to  the  50  %  fraction  f|,n  of  probe  atoms 
located  in  a  heavily  penurbed  environment,  the  remainder  fgp  is  located  in  a  riightly  perturbed 
environment.  Wher^  the  population  of  both  fmtions  exhibit  no  significant  change  below  900  K, 
the  width  Avq  of  fjp  continuously  decreases  (Fig.  3  triangles)  until  it  reaches  the  value  of  an 
unperturbed  fraction  (Avq  »  0. 1  MHz). 

The  annealing  behavior  of  lllixCd  implanted  in  virgin  material  was  also  investigated  in  samples 
preimplanted  with  Cd  (Fig.3,  filled  square)  or  As  (Fig.  3,  open  square).  With  increasing  total  dose, 
i.e.  an  increasing  number  defects  created  in  the  implanted  layer,  the  decline  of  the  damping 


EiUi 

Width  Avq  of  the  distrUmdtm  of 
ffp  in  difftretafy  dieted  GaAs  smgda 
as  a  function  of  annealing 
temperature  (RTA,  20s).  The  different 
curves  correspond  to  dffffrent  tot^ 
ingtiantation  doses  (TtMe  2).  The 
continuous  curves  shoiM  guide  the 
eye. 
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panmetN’  Avq  is  shifted  to  higher  temperature.  After  min  imphuiuition  and  subsequent  annealing 
^bove  500  K  no  probe  atoms  are  looted  in  a  heavily  perturbed  environment  (fjp  »  100%), 
nevertheless  the  associated  damping  parameter  Avq  (Rg.  3.  filled  dicle)  fits  nicely  to  the  dose 
dependence  of  Avq  in  m”>Cd  implanted  samples.  Since  the  decrease  of  Avq  indicates  the  removal 
of  distant  defects  one  can  conclude  ftom  this  correlation  that  the  mxHjd  atoms  located  in  di^tly 
perturbed  environment  and  the  min  atoms  observe  the  same  annealir*  process.  The  slow  decline 
Avq  and  its  strong  dose  dependence  imfdies  a  complex  annealing  mechanism  invtdving  also 
extendkl  defects.  We  assign  die  continuous  growth  of  extended  dtfects  known  to  occure  above 
500  K  to  be  responnble  for  the  observed  reduction  of  the  slight  perturbation  at  dre  probe  atoms  nte. 
This  growth  le^  to  a  reduction  of  defect  concentration,  thereby  increasing  the  avenge  distance 
between  probe  atoms  and  defects,  and  to  a  reduction  of  strain. 

The  environment  of  the  heavily  perturbed  m*Cd  sites  is  characterized  by  a  broad  efg  distribution. 
With  rising  annealing  temperature  Avq  increases,  the  resulting  efg  distribution  readtes  to 
Vq>400  MHz.  The  incorporation  of  extended  defects  on  a  varieqr  of  diflerendy 

perturbed  lattice  sites  can  explain  the  observed  behavior  of  fi^  Since  for  min  f|,p  is  zero.  In  is  not 
incorporated  into  these  defects  and  an  attracdve  interaction  of  Cd  atoms  with  the  extended  defects 
is  deduced. 


Fif.4: 

Comparison  of  the  fiaction  f^,  cf 
Ulmcd  (mpUuaed  in  Cd  predoped 
GaAs)  locasai  in  sUgMy  perturbed 
environment  with  the  rekuive  loss  of  Cd 
as  a  function  of  annealing  temperature. 
In  addition  the  achieved  fiaction  cf 
electrically  acuvated  Cd  atoms 
measured  in  triple  impla/aed  GaAs 
samples  is  shown. 
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Above  900  K  pan  of  the  implanted  Cd  atoms  diffuses  out  of  the  sample  during  the  RTA  process. 
The  amount  of  activity  loss  increases  with  the  absolute  dose.  Whereas  in  GaAs  dKXit  30%  is 

lost  at  1050  K,  this  value  dramatically  increases  to  80%  in  As  or  Ga  preimpbuiKd  sam|des.  Fig.  4 
shows  f|p  and  the  activity  loss  of  Cd  predoped  samples  pkmed  against  the  anneiding  temperature. 
Up  to  an  annealing  temperature  of  1000  K  about  M  %  of  the  probe  atoms  me  exposed  to  di^t 
perturbations.  After  ann^ing  at  1 100  K  50%  of  the  Cd  is  lost  a^  all  probe  atoms  are  now  located 
in  an  wqietbitbedenvitonmenL  Since  no  outdifliision  is  obsnved  for  l*iln  and  the  recovery  of  the 
slightly  penuibcd  fraction  f|.  is  ideatical  for  HUn  uti  *l*'*Cd,  we  assume  diat  Cd  loaned  in 
extendi  defects  (fip)  is  hi^y  mobile  and  diffuses  out  of  die  sam^  above  900  K.  After  diis 
omdiffiidon  all  renting  m**Cd  atoms  are  located  in  unperturbed  l«^  sites. 

The  electricrd  activation  of  Cd  implanted  deep  into  GaAs  at  a  concentration  of  10'*  cm*^  is  also 
dii|daycd  in  Fig.  4.  The  dqwhs  and  widths  of  the  Cd  profiles  in  both  sets  of  samples  are  different, 
bet  dte  Cd  concentration  is  of  the  same  order  of  magnitude.  The  onset  of  efeorkd  activation 
coincides  with  the  stage  of  ouidifftision  of  radioactive  masoi  y}ie  conflict  between  the  electriad 
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activation  of  80%  acchieved  for  deep  Cd  implantation  and  the  50%  activity  loss  observed  for 
shallow  implantation  is  easily  explained  by  the  different  depth  profiles.  According  to  the  above 
given  interpretation  the  Cd  outdiffusion  might  reflect  the  onset  of  mobility  of  the  extended  defects. 
This  process  removes  extended  defects,  which  can  act  as  efficient  carrier  traps,  from  the  dopant 
profile  leading  thereby  to  electrical  activation.  The  given  interpretation  suffers  from  the  problems 
to  identify  defects  by  PAC  which  are  not  characterized  by  an  unique  efg.  It  might  be  helpful  to 
combine  the  results  obtained  by  PAC  after  heavy  ion  implantation  with  TEM  and  positron 
annihilation  studies  in  order  to  obtain  more  information  on  the  nature  of  defects,  especially 
extended  defects,  present  during  annealing. 


5.  Summary 

The  annealing  of  implantation  damage  after  heavy  ion  implantation  of  Cd  and  In  in  GaAs  and  InP 
was  investigated  using  the  microscopically  sensitive  PAC  method.  Two  different  annealing  stages 
were  observed.  The  first  at  about  280  K  is  assigned  to  the  annealing  of  associated  defects  in  direct 
neighboihood  of  the  probe  atom  ^  ^  Un  and  the  second  at  high  annealing  temperature  above  SOO  K  to 
the  formation,  continuous  growth  and  Anally  removal  of  extended  defects.  The  latter  stage  ends  up 
with  the  electrical  activation  of  implanted  Cd.  Increasing  Cd  outdiffusion  was  observed  for  rising 
total  implantation  dose. 
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ABSTRACT 

Detailed  measurements  of  sheet  stress  induced  by  Ar**  ion  implantation  were  carried  out  on  thin 
(100)  Si  films  at  doses  ranging  from  10^  to  IQl®  cm-2  at  room  temperature.  The  stress  is 
compressive  and  increases  with  dose  up  to  of  the  order  of  2  x  10*'*  cm'2  for  100  keV  Ai+  implanted 
at  0.1  iiA/cm2  After  which  it  decreases  and  finally  attains  a  constant  value,  which  is  approximately 
35%  of  the  peak  stress  value.  The  peak  stress  over  unit  depth  decreases  as  the  implantation  energy 
increases,  while  the  dose  corresponding  to  this  peak  stress  increases  as  the  implantation  energy 
increases.  RBS/channeling  measurements  verified  that  this  dose  value  is  less  than  the  implantation 
critical  dose.  A  model  has  been  established,  and  a  second-order  differential  equation  has  been 
derived  that  reproduces  the  stress  curve  and  the  well-established  amorphization  curve  of  ion 
implantation. 


INTRODUCnON 

Ion  implantation  process  is  one  of  the  most  important  VLSI  fabrication  techniques.  The  effects  and 
formation  of  amorphous  layer  by  implanted  ions  in  crystal  solids  have  been  extensively  studied  for 
decades*.  However,  few  works  have  reported  to  study  the  stress  associated  with  this  process  2*5. 
The  study  of  the  stress  process  can  also  lead  to  an  understanding  of  the  fundamental  physics  of  ion 
implantation-induced  process  in  solids.  In  technical  aspect,  massive  production  failures  happened 
due  to  the  lack  of  understanding  of  the  stress  effect  of  implanted  ions.  Many  subsidiary  effects  can 
be  caused  by  the  stress  induct  by  ion  implantation,  including  substrate  bending  and  cracking. 
This  process  may  be  detrimental  in  subsequent  processing  and  device  performance. 

EerNisse  et  al  2  used  an  in  situ  capacitance  technique  to  measure  the  integrated  surface  stress- 
induced  by  10  to  100  keV  He+  implanted  into  Mo,  Nb  and  Al  at  room  temperature.  They  found  that 
the  low-fluence  results  provide  value  for  the  induced  volume  expansion  per  implanted  He  atom, 
while  the  high-fluence  results  demonstrate  that  blistering,  in  Mo  and  Nb,  is  directly  related  to  relief 
of  stress.  A  model  describing  the  blistering  phenomenon  was  also  developed  in  this  work. 
Madakson  et  al  3  measured  the  stresses  induced  by  28  keV  Ai+  and  30  keV  Ti+  ion  implantations  in 
<11 1>  Si  by  using  X-ray  diffraction  method.  He  found  that  the  dose  corresponding  to  a  turning 
point  for  stress  reduction  is  about  3.5  x  10*^  cm*2  for  28  keV  Ar+  implanted  while  RBS/channeling 
studies  show  radiation  damage  to  increase  linearly  with  ion  dose  and  saturate  at  dose  at  about  5  x 
10*'*  cm'2.  The  stress  reduction  and  the  amorphization  process  were  not  related  in  this  work.  An  in 
situ  stress  measurement  of  MeV  ion  implantation  in  Si  was  carried  out  by  Volkert'*  by  using  a 
reflected  laser  beam  to  measure  the  bending  caused  by  the  stress.  The  accuracy  is  fair  and  no  keV 
implantation  performed.  A  model  was  proposed  that  described  the  behavior  in  terms  of  the 
expansion  of  crystalline  silicon  by  the  creation  of  defects  and  the  flow  of  amorphous  material  under 
the  ion  beam.  Yuan  et  at  ®  used  thin  (100)  Si  films  as  substrate  materials  to  perform  the  stress 
measurements  of  keV  implantations  for  different  ions.  A  dose-rate  dependence  of  the  stress  curve 
has  been  measured^  for  heavy  ions  such  as  Ar*’. 

Several  models  have  been  proposed  for  the  crystalline  to  amorphous  transformation  in  ion-implanted 
silicon*.  The  overlap-damage  model  proposed  by  Gibbons*  was  used  to  determine  the  critical  dose 
for  the  amorphous  transformation.  The  critical-energy-density  (CED)  model^-***  was  in  good 
agreement  with  the  measured  critical  dose..  This  model  assumed  that  a  region  would  become 


*Supponed  in  pan  by  the  Solar  Energy  Research  Institute,  IBM  Corporation,  and  Mobil  Foundation. 
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amorphous  if  the  energy  density  deposited  into  atomic  processes  by  the  ions  exceeded  the  critical 
energy  density  of  6  x  1023  eV/cm^.  Out-diffusion  models**  can  explain  the  temperature 
dependence.  However,  little  work  has  been  reported  to  quantitatively  model  the  stress  behavior  of 
silicon  under  ion  irradiation.  Burnett  et  al  *^  proposed  a  model  to  explain  the  generation  and  relief  of 
the  near-surface  stress  by  ion  implantation  into  sapphire.  He  proposed  that  the  stress  reduction  is 
due  to  the  change  of  the  thickness  of  the  amorphous  layer,  and  thus  of  the  still-crystalline  but 
damaged  layer.  But  he  assumed  that  the  variation  of  the  integrated  stress  with  dose  to  be  linear  prior 
to  amorphization.  Further  more,  thermal-effects,  dose-rate  effects  and  electronic  effect  have  been 
neglected.  This  model  can  only  roughly  explain  the  stress  reduction.  The  stress  behavior  prior  to 
amorphization  was  still  not  well  understood. 

In  the  present  wotk,  stresses  induced  by  20  to  120  keV  Ar**  ion  implantation  in  (100)  Si  at  dose-rate 
of  0.1  ^A/cm^  have  been  measured  at  different  dose  ranges.  Integrated  sheet  stress  curves  have 
been  obtained.  RBS/channeling  measurements  were  used  to  measure  the  amorphization  for  different 
doses.  A  model  is  proposed.  This  model  can  explain  both  the  measured  stress  curve  and 
amorphous  transformation  curve. 


EXPERIMENT  AND  RESUI.TS 


Integrated  lateral  stress  within  the  implanted  region  can  be  calculated  by  measuring  the  bending  of 
the  implanted  substrate.  The  experimental  set  up  was  described  elsewhere®.  The  stress,  Os,  is  given 
by  the  modified  Stoney's  equation*^: 


Os  = 


6(l-v)ti 


(1) 


where  Es  and  v  are  the  Young's  modulus  and  Poisson's  ratio  for  the  substrate,  respectively;  ts  is  the 
substrate  thickness,  t]  is  the  thickness  of  the  implanted  region  (ts » t|),  x  is  beam  spot  displacement, 
d  is  the  implanted  length,  and  L  is  the  distance  between  sample  and  screen.Samples  were  cut  0.2- 
1.5mm  X  gmm  from  two-side  polished  commercially  available  thin  (100)  silicon  wafer  with 
thickness  of  about  8  mm.  Ion  implantation  of  KX)  keV  Ar^  was  performed  at  doses  ranging  from 
10®  to  10*®  cm*2  at  room  temperature,  using  dose-rate  at  0.1  pA/cm^.  Figure  1  shows  the  average 
integrated  compressive  surface  stress,  which  was  induced  by  20  to  120  keV  Ar*  implantation  at 


DOSE  (ions/cm^) 


Figure  1.  Stresses  induced  by  Ai^  implantation  at  20(a),  40(D),  60(4),  80(0),  100(A)  and  120(A)  keV  at  doses 
ranging  from  10*3  n,  iqIS  £1^-2,  and  channeling  yield  (o)  along  <100>  direction. 
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room  temperature,  versus  dose.  For  doses  below  about  2  x  10^^  cm‘2,  the  surface  stress  increases 
(quickly  as  dose  increases,  although  the  increase  slows  down,  thus  is  not  linear,  and  quickly  reaches 
its  pe^  value.  After  the  stress  reaches  its  peak,  it  reduces  until  finally  it  attains  a  constant  value. 
This  stress  curve  depends  on  the  implantation  energy.  In  particular,  the  stress  reaches  its  peak 
value,  which  is  2.3  x  10^  dynes/cm^,  at  dose  at  2  x  10^4  ctn'2  for  100  keV  at  0.1  pA/cm^ 
implantation.  The  remain  stress  is  0.74  x  10^  dynes/cm^.  The  stress  curves  shift  toward  higher 
dose  and  smaller  stress  value  as  the  implantation  energy  increases.  RBS/channeling  result  of  the 
amount  of  amorphization  data  is  shown  on  the  right  axis  in  Figure  1. 


ION  IMPLANTATION  INDUCED  DEFECTS  | 

Energetic  ions  penetrate  the  surface  of  the  silicon  material ,  transfer  energy  to  the  crystal  and  come  to  | 

rest  in  an  approximately  Gaussian  distribution.  The  implanted  ions  lose  energy  by  two  mechanisms  I 

prior  stopping.  Inelastic  collisions  result  in  the  displacement  of  silicon  atoms  from  the  site.  These  I 

displaced  atoms  may  further  proceed  to  displace  other  nearby  atoms  until  the  energies  for  both  j 

incident  ions  and  the  recoiling  silicon  atoms  are  insufficient  to  produce  further  displacement.  Fast  | 

moving  ions  may  also  lose  energy  by  electronic  excitation  of  the  silicon  atoms.  These  process  can  ;i 

cause  the  weakening  of  the  host  atom  bonding.  The  analysis  of  experimental  data  shows  that  ion-  | 

implantation-induced  process  is  very  complicated^'^.  In  general,  one  should  take  into  consideration  I 

of  the  formation,  dissociation  and  reconstruction  of  various  complexes;  annihilation  and  migration  of  I 

defects;  capture  of  the  mobile  defects  by  sinks;  ionization  produced  by  incident  particles;  influence  of  I 

impurities;  initial  defects,  etc.  Dvurechenskii  et  al  *5.  summarized  three  main  mechanisms  for  this  | 

process:  ^ 

1)  The  evolution  of  a  sequence  of  defects  and  the  loss  of  point  defects  at  different  imperfections  4 

in  crystal,  such  as  surface  and  interface;  { 

2)  The  accumulation  of  point  defects  up  to  the  critical  concentration,  wliich  arises  fixim  the  | 

overlapping  of  individual  disordered  regions  produced  by  single  ions;  i 

3)  The  formation  of  regions  of  amorphous  phase  produced  in  the  damage  created  by  an  ‘ 

individual  ion  or  by  the  multiple  overlap  of  the  damage  regions  created  by  individual  ions.  I 

i 

There  is  evidence  to  show  that  the  creation  of  complexes  such  as  interstitial  atoms,  vacancies,  i 

divancacies  and  tetravacancies,  etc.,  can  cause  volume  expansion  and  thus  produce  large  stress  in  | 

the  crystal^®,  'fhe  amorphization  process  of  the  crystal  is  a's.-  related  to  this  sffcss  directly.  In  fact,  | 

our  results  indicate  that  the  crystal  experiences  a  big  stress  before  amorphization.  The  accumulation  ! 

of  those  defect  complexes  causing  the  stress  in  the  region  increase.  After  it  reaches  a  critical  \ 

concentration,  the  crystal  loses  its  long  range  order  and  becomes  airorphized,  and  the  stress  | 

reduced. 


MODEL 

In  this  model,  it  is  assumed  that  the  undamaged  area  Su  can  be  transferred  to  both  damaged  area  Sd 
and  amorphous  area  Sg.  The  damaged  area,  Sa  is  then  transferred  to  amorphous  area  by  further 
implantation.  Further  more,  it  is  assumed  that  annealing  occurs  during  ion  implantation.  Both 
damaged  and  amorphous  areas  can  be  transferred  back  to  an  undamaged  area.  Thus  a  set  of 
relations  can  be  obtained  for  a  total  implanted  area  S: 


dSu  =  -Cud  l^tp  •  Cua  1^9  +D'du  fdt  D^u  |dl 

(2a) 

1 

dSd  «  Cudf^tp  -  Cda  fdcp  -  D'du  |*dt  +  D'ad  ^t 

(2b) 

% 

dSa=  Cuaf*d(p  +  Cda|M({>-D'ad|*dt  -D’au|% 

(2c) 

& 

where  Cud  is  an  area  converted  per  ion  from  undamaged  to  damaged  area;  Cua  is  an  area  convened 
per  ion  from  undamaged  to  amorphous  area;  Cda  is  an  area  convened  per  ion  from  damaged  to 
amorphous  area;  D'du  is  annealed  from  unit  damaged  area  to  undamaged  area  per  second;  D'au  is 
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annealed  from  unit  amorphous  area  to  undamaged  area  per  second;  and  D'ad  is  annealed  from  unit 
amorphous  area  to  damaged  area  per  second,  Anally,  (p  is  the  dose.  For  a  constant  dose-rate  i ,  we 
have  d(p  =  i  ■  dt.  Let  Dju  =  i  ■  D'du.  Dau  = «  •  D'au  and  Dad  = :  ■  D'ad,  we  then  get: 


^  =  -Cud^-Cua^+Ddu|^  +  Dau^  (3a) 

Cud^  -Ddu^  +  Dad^  (3b) 

Cuaf  +  Cda|*  -Dadf -Dauf.  (3c) 

Equations  for  Sd  and  Sa  from  (3): 

+ a2Sd  ==  adsS  (4) 

d(p2  dtp 

+  ai^  +  a2Sa  =  aasS  (5) 

dtp-i  dtp 

where 

ai  =  Cud+Cda'^ua‘^l^au'*'Dad'*'l^du 


a2  —  CiidCrta't'GiflCfta'^CiiaDnri^^iiaDriii't'GiilDaH't'CnriDaii'fCrtaDaii+DpHDrfii+DaiiDrfii 
ad3  ~  CudDad‘^udl^au'*G\iaDad 
aa3  —  CudQla'^^'uaCda'^ual^du  •• 

Solutions  for  (4)  and  (5)  can  be  obtained: 


Sd  = 


Cud  -  ^2S  Cud  -  ^iS 

a2  .sitp  .  a2  S2tp 


Sa  = 


SI  -  S2 
Cua-“^2S 


S2  ■  SI 


a2 


52 —  -sitp , 


where 


SI  -  S2 


"ua  -  ^siS 

- . ■.a2..V.c^2^+ 

S2  -  SI  a2 


si,2  =  ^(-ai±'\/  ai2-4a2) 


(6) 

(7) 


The  thickness  of  the  damaged  area  and  amorphous  area  are  changing  during  the  implantationl7. 
Experimental  results  indicate  that  at  moderate  dose  levels,  the  damage  density  can  be  described  by  a 
Gaussian  distribution  along  depth 

D(x)  =  Do  e-(’‘'RD)2/2(ARD)2  (gj 

where  Rd  is  the  depth  of  the  damage  peak  and  '/2ARd  is  the  half-width  of  the  damage  distribution. 
The  peak  damage  density,  Do,  can  be  expressed  in  terms  of  the  dose: 


Do=l-e'^>‘P 


(9) 


where  Q  is  the  surface  projection  of  the  cross  section  of  the  idealized  cylindrical  damaged  zone 
produced  by  an  implanted  ion.  By  this  definition,  Q  ■  Cud-  Assume  the  crystal  is  amorphized  if 
D(x)  S  Dac  and  the  crystal  can  be  considered  damaged  if  D(x)  a  Ddc,  respectively.  Then  the 
thickness  of  the  damaged  layer  tdt  and  amorphized  layer  ta  can  be  c^culated: 


Xd  =  Rd  i  ARDV21n(Do/Ddc) 


(10) 
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Xa  =  Rd  ±  ARDV21n(D(/Dac) 

(11) 

tdt-* 

r  2lxd-RDl 

[  Xd 

if  Ixd  -  RdI<  Rd 
other 

(12) 

ta-  = 

[  2lxa*RDl 
i  ’‘a 

if  Ixa  -  RdI<  Rd 
other 

(13) 

where  Xd  and  Xa  are  the  positions  for  D(x)  =  Ddc  and  D(x)  -  Dac,  respectively.  The  thickness  of  the 
dfvmaged  but  not  amoiphized  layer  can  be  given  as  td  =  tdt  -  ta.  According  to  EerNisse^b: 

<y  =  (adVd+<JaVa)A^O  (14) 

where  ad  is  the  stress  per  unit  volume  if  all  implanted  volume  only  be  damaged  and  Ca  is  the  stress 
per  unit  volume  if  all  Implanted  volume  amorphized,  respectively.  Thus  we  have  the  expression  for 
the  unit  surface  stress: 


a  =  (adSdta+CaSata-WdS  td)/S  to 
and  amorphization: 


(15) 


r  ••  Sata/S  to 


(16) 


where  to  is  the  depth  of  the  implanted  layer  which  be  chosen  as  1.5Rd  ®  Rp.  Rpis  the  projected 
range  and  can  be  calculated  by  TRIM.  Figure  2  shows  the  calculated  stress  and  amorphization 
curves  compare  to  the  measured  curves. 


DOSE  (ions/cm^) 


Figure  Z.  Comparison  of  the  stress  (■)  and  amorphization  (o)  from  At^  100  keV  implantation  with  calculated 
curves  from  this  model. 


DISCUSSION 

The  results  clearly  established  that  the  stress  reduction  and  the  amorphization  are  strongly  related. 
The  surface  stress  originates  from  the  volume  expansion  caused  by  the  implanted  ions.  In  the  heavy 
ion  case,  the  crystal  can  be  amorphized  by  a  single  incident  ion  with  damaged  areas  around  this 
amorphized  region.  However,  for  a  light  ion,  the  crystal  may  only  be  amorphized  by  accu;..ulation 
of  the  damage  created  by  incident  ions.  No  single  ion  can  produce  an  am  rphous  region  in  this 
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case.  During  the  implantation,  annealing  may  occur  in  the  damaged  and  amorphized  region.  In 
particular,  in  the  damaged  region,  two  lands  of  annealing  may  exits:  self-annealing  and  regular 
annealing  of  the  damages.  The  first  annealing  process  is  clearly  related  to  dose-rate  effect,  which 
was  studied  elsewhere^.  Because  of  the  size  of  the  present  paper,  we  can  not  include  the  study  of 
the  parameters  in  detail.  Perimeters  Cud.  Qa  ^ua  afe  strongly  depend  on  implanted  ions  and 
energy,  and  we  should  have  Cda>Cua‘  Perimeters  Dau.  Cad  and  Cdu  are  strongly  depend  on 
implantation  dose-rate  and  sample  temperature,  and  we  should  have  Ddu>Dau.  These  togedier  with 
the  initial  conditions  of  Sd  and  Sa  provide  the  condition  for  the  solution  of  eq.  (13)  and  (14).  The 
thicknesses  calculated  in  the  above  model  are  average  values.  The  stresses  are  also  integrated 
values,  llie  depth  distribution  of  the  stress  has  been  neglected. 


SUMMARY 

In  summary,  stresses  induced  by  20  to  120  KeV  Ar^  ion  implantation  in  (100)  Si  at  dose-rate  of  0.1 
pA/cm^  have  been  measured  at  room  temperature.  The  stresses  are  compressive  and  increase 
nonlinearly  with  dose  up  to  of  the  order  of  2  x  10*^  cm‘2.  After  they  saturate,  they  decrease  and 
finally  attain  constants.  RBS/channeling  measurements  verified  that  this  dose  value  is  less  than  the 
implantation  critical  dose.  A  model  has  been  established,  and  a  second-order  differential  equation 
has  been  derived.  After  considering  the  thickness  change  of  the  damaged  and  amorphized  layer,  a 
stress  expression  is  obtained  that  reproduces  the  stress  curve  and  the  well-established  annorphization 
curve  of  ion  implantation. 
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ABSTRACT 

We  report  the  study  of  a  defect  with  g|  =  1.9998  and  gx  =  2.0260  in 
annealed  0-implanted  SiGe  alloys.  The  material  studied  is  damaged 
crystalline  SiGe  and  the  defect  is  shown  to  exhibit  the  angular 
dependence  of  (111)  symmetry.  We  deduce  that  the  .electron  is  in  an 
orbital  of  a  trivalent  Ge  atom  backbonded  to  Ge  or  Si  atoms. 


Introduction 

Research  has  recently  revealed  the  potential  of  SiGe  based  alloys 
and  superlattices  in  microelectronic  and  optoelectronic 
applications  [1,2].  Furthermore,  oxygen  implantation  into  Si,  Ge, 
and  SiGe  heterostructures  has  received  attention  because  of  the 
promising  char?.cteristics  of  buried  oxides  for  device  isolation 
[3] .  While  most  of  the  work  has  been  on  silicon  based  systems, 
here  we  report  results  of  Electron  Paramagnetic  Resonance  (EPR) 
studies  on  oxygen  implanted  SiGe  alloys. 

There  has  been  little  work  on  defects  in  crystalline  SiGe  alloys, 
but  several  reports  discuss  the  characteristics  of  point  defects  in 
a-SiGe:H  [4,5].  The  authors  identify  two  defects;  the  Si-dangling 
bond,  5G  wide  at  g=  2.0055,  and  a  Ge-dangling  bond  30G  wide  at 
g=2.017.  Although  the  defects  were  studied  thoroughly  as  a 
function  of  alloy  composition  and  anneal  temperature,  spectroscopic 
analysis  was  thwarted  by  the  lack  of  hyperfine  lines  and 
anisotropy.  However,  studies  of  a-Si:H  and  a-Ge:H  [6]  do  reveal 
that  the  shift  of  the  Ge  and  Si  g-values  from  the  free  electron 
value  (g,)  scales  with  the  spin  crbit  coupling  parameters  as 
expected. 

Also  pertinent  to  our  investigation  are  the  defects  observed  in  0- 
implanted  Si  and  Ge.  EPR  measurements  of  Si  substrates  implanted 
under  conditions  similar  to  those  used  here,  reveal  the  presence  of 
the  Pb  center,  an  electron  on  an  interfacial  Si  back-bonded  to 
three  substrate  Si's  [7].  The  defect,  which  exhibits  the  (111) 
symmetry  of  crystalline  Si,  was  first  identified  at  the  Si/SiOj 
interface  by  Nishi  [8]  and  later  fully  characterized  by  Poindexter 

[9] .  In  the  studies  of  0-implanted  Ge  no  analogous  Ge-dangling 
bond  defect  was  reported  although  the  Ge  E'  center  was  identified 

[10]  . 

Here  we  report  the  study  of  a  Ge  dangling  bond  resonance  in 
annealed  0-implanted  SiGe  alloys.  Unlike  in  the  investigation  of 
a-SiGe:H,  the  material  studied  in  our  work  is  damaged  crystalline 
SiGe  and  the  defect  is  shown  to  exhibit  the  angular  dependence  of 
(111)  symmetry  with  g|  *  1.9998  and  gx  =  2.0260.  When  compared  to 
the  Si  dangling  bond  resonance,  the  value  for  gx  -  g,  scales 
according  to  the  ratio  of  the  Si  and  Ge  spin-orbit  coupling 
constants. 
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Experimental 

Samples  used  in  the  current  work  are  800  nm  thick  Si.sGe.i  layers 
grown  by  Molecular  Beam  Epitaxy  (MBE)  on  (100)  3"  or  4"  Si  wafers. 
The  4"  wafer  was  oxygen  implanted  to  a  dose  of  1.8xl0‘®cm"^  at  a 
substrate  temperature  of  600°  C.  The  3”  wafer  was  implanted  with 
6x10”  cm'^  0  with  the  substrate  heated  only  by  the  implantation 
process  (estimated  temperature  is  approximately  100°  C)  .  Also 
implanted  to  1.8x10*®  cm"®  at  600°  C  was  a  plain  Si  substrate  to  be 
used  as  a  control.  Following  implantation,  the  wafers  were  sawed 
into  0.23  X  1.5  cm®  pieces  with  the  long  edge  along  a  (110) 
direction.  The  pieces  were  annealed  at  900 °C  in  argon. 

Electron  Paramagnetic  Resonance  spectra  were  obtained  at  4K  using 
0.2  mW  incident  power  and  0.5  G  modulation  amplitude.  Since  the 
alloy  samples  contained  only  10%  Ge,  the  data  obtained  from  the 
control  sample  were  used  as  background  for  the  SiGe  spectra.  The 
g-tensor  for  the  alloy  (fig.  2)  was  extracted  from  a  spectra 
obtained  by  integrating  the  EPR  spectra  of  both  the  SiGe  and  the  Si 
samples,  normalizing  the  spectra  to  the  central  line  of  the  Si  Pb 
center,  and  subtracting.  In  some  cases,  where  resolution  of  two 
lines  was  poor,  the  g  value  was  extrapolated  directly  from  the  EPR 
spectra  of  the  alloy  alone. 

Cross-sectional  transmission  electron  microscopy  of  the  600°  C 
implanted  sample  shows  an  amorphous  SiOj  layer  buried  between 
regions  of  heavily  damaged  Si  or  SiGe.  Such  a  structure  is  typical 
of  the  SIMOX  (Separation  by  the  IMplantation  of  Oxygen)  process,  a 
potential  isolation  technology  for  microelectronics.  Extensive 
studies  of  Si  SIMOX  substrates  indicate  that  the  damaged  layers 
also  contain  oxide  precipitates.  Furthermore,  these  studies  show 
that  a  5  hour  anneal  at  a  temperature  greater  than  1200°  C  is 
required  to  remove  the  damage  and  oxide  precipitates  [11,12);  thus, 
it  is  expected  that  after  a  one  hour  900°  C  anneal,  most  of  the 
oxide  precipitates  remain.  For  our  purposes,  the  anneal  was 
necessary  to  remove  the  broad  a-SiGe  signal  from  our  spectrum  and 
reveal  the  narrower  lines  characteristic  of  the  crystalline  defect 
studied  here. 

Energy  dispersive  X-ray  analysis  (EDXS)  on  1.8x10*®  cm"®  implanted 
SiGe  sample,  reveals  that  Ge  is  present  in  the  Si  layers  both  above 
and  below  the  buried  oxide.  Calibrating  the  system  using  a  SiGe 
layer  grown  in  a  manner  similar  to  those  used  for  the  implantation, 
the  Ge  concentration  was  shown  to  be  approximately  5%  in  the  upper 
layer  and  7%  in  the  layer  immediately  below  the  buried  oxide.  The 
Ge  concentration  in  the  oxide  layer  was  only  2%. 


Results  and  Discussion 

Figure  la  shows  the  EPR  trace  obtained  from  the  1.8x10*®  cm"® 
implanted  SiGe  layer  aligned  with  the  (100)  axis  parallel  to  the 
magnetic  field.  Two  resonances  are  apparent:  one  with  a  zero 
crossing  at  g=2.0063,  the  other  with  the  zero  crossing  at  g=2.018. 
The  data  of  annealed  a-SiGe;H  obtained  by  Finger  and  co-workers  [4] 
reveals  two  lines  similar  to  those  seen  in  0-implanted  material; 
however,  the  lines  are  broader  in  the  amorphous  material.  In  the 
oxygen  implanted  sample,  the  linewidth  of  the  resonance  at  g=2.0063 
is  approximately  3  G  and  the  g=2.018  linewidth  is  estimated  to  be 
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10  G.  The  corresponding 
linewidths  for  the  a-SiGe:H 
are  5G  and  30G,  respectively. 

It  is  also  apparent,  as  is 
shown  in  figure  2,  that  the 
defect  in  the  implanted  sample 
is  anisotropic.  No  such 
behavior  is  reported  for  the 
annealed  a-SiGe:H.  The 
anisotropy  indicates  that  the 
resonances  observed  in  0- 
implanted  SiGe  arise  from  the 
crystalline  region  of  the 
structure  rather  from  the 
amorphous  buried  oxide  layer. 

The  spectra  of  figure  lb  was 
obtained  from  the  oxygen 
implanted  Si  sample  with  the 
magnetic  field  aligned  along  a 
(100)  axis.  The  line  at 
g=2.0062  is  the  Pb  center,  a 
SiOj/Si  interfacial  defect 
consisting  of  an  electron  on  a 
Figure  1  EPR  Spectra  of  0-implanted  Si  backbonded  to  three 
SiGe  (a)  and  0-implanted  Si  (b)  substrate  Si  atoms.  In  an 

earlier  report  of  this  center 
in  0-implanted  Si  it  was 

determined  that  nearly  90%  of  the  centers  were  located  in  the  upper 
Si  layer  [7].  Thus,  it  was  reasoned  that  the  interface  involved 
was  that  between  Si  and  the  oxide  precipitates  known  to  exist  in 
the  layer.  The  signal  at  g=2.0063  observed  in  the  implanted 

SiGe  material  exhibits  the  same  anisotropy  and  the  same  hyperfine 
structure  as  that  observed  for  the  Pb  center  in  0-implanted  Si 
substrates.  Therefore,  we  attribute  this  line  to  the  Pb  center  at 
oxide  precipitates  in  the  damaged  SiGe  layer. 

It  should  be  noted  here  that  compared  to  the  Pb  center  in  silicon, 
the  Pb  center  observed  in  the  0-implanted  SiGe  material  is 
asymmetrically  broadened.  Such  a  broadening  could  be  an  indication 
of  the  random  strains  introduced  by  the  presence  of  Ge  in  the 
silicon  lattice.  That  the  asymmetry  occurs  on  the  side  of  a  higher 
g  value,  typical  of  Ge,  further  supports  this  assertion.  It  might 
be  thought  that  implantation  induced  local  disorder  would  account 
for  the  broadening  of  the  signal;  however,  this  is  unlikely  for  the 
following  reason.  The  width  of  the  Pb  center  in  the  0-implanted 
Si  is  the  same  as  that  seen  for  the  Pb  centers  in  thermal  oxides. 
Certainly  if  the  broadening  were  due  to  disorder,  it  would  be  more 
apparent  in  a  comparison  between  a  thermally  grown  oxide  film  and 
one  formed  by  200  keV  oxygen  implantation  than  in  a  comparison  of 
oxygen  implanted  Si  and  SiGe. 

The  angular  dependence  of  the  g-tensor  for  both  the  Si  Pb  line  and 
the  additional  line  at  g=2.018,  hereafter  referred  to  as  SGI,  is 
shown  in  figure  2.  The  sharpness  of  the  line  for  the  (111)  branch 
allowed  for  a  reasonable  determination  of  the  anisotropy  of  SGI 
despite  its  proximity  to  the  Si  Pb  line.  On  the  other  hand,  the 
large  width  of  the  signals  for  the  (III)  and  (III)  branch  made 
difficult  the  determination  of  the  values  of  these  two  branches. 

The  values  shown  were  approximated  from  two  largely  overlapping  but 
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resolvable  lines.  Given  the 
limited  number  of  angles  at 
which  all  three  components 
could  be  resolved,  we  did  not 
attempt  a  fit  of  the  data  to 
obtain  both  the  defect 
symmetry  and  magnitude  of  the 
g-tensor.  Rather,  we 
calculated  the  lines  shown 
assuming  (111)  symmetry  and 
adjusting  g|  and  gx  until 
reasonable  agreement  with  the 
data  was  obtained.  The 
initial  guesses  for  g|  and  gx 
we  extracted  from  the  high 
symmetry  orientations.  The 
agreement  between  the  data 
points  and  the  line  calculated 
using  g|  =1.9998  and  gx  =2.0260 
is  sufficient  to  support  the 
assumption  that  the  defect 
exhibits  (111)  symmetry  as 
0  30  60  90  expected  for  a  dangling  bond 

Angle  (degrees)  associated  with  the 

Figure  2  Angular  dependence  of  g  crystalline  Si  structure, 
value  for  SGI  (closed)  and  Si  Pb 

(open)  centers.  Lines;  upper  thin,  SGI  appears  in  the  spectra  of 
HI;  lower  thin.  111;  bold,  doubly  figure  la  but  not  in  the 
degenerate  III  and  HI  spectra  of  figure  lb,  which 

suggests  that  the  defect  is 
related  to  Ge.  That  the  spin- 
orbit  interaction  derived  from  the  g-tensor  scales  reasonably  with 
that  derived  from  the  well-studied  Si  dangling  bond  resonance 
supports  this  hypothesis.  The  ratio  of  the  spin  orbit  coupling 
constants  for  Ge  (940  cm‘M  and  Si (142  cm“‘)  is  7  [13],  which,  given 
the  simplification  of  the  theory,  is  a  reasonable  approximation  of 
the  ratio  of  the  shift  in  gx,  4,  for  the  two  defects.  Furthermore, 
the  width  of  SGI  is  larger  than  that  of  the  Si  Pb  signal  as  is 
expected  for  a  Ge-related  center. 

The  above  discussion  suggests  that  SGI  is  associated  with  Ge  and 
from  the  observed  anisotropy  (fig.  2)  we  conclude  that  the  defect 
is  a  dangling  bond  with  the  symmetry  of  the  Si  lattice. 

Furthermore,  the  Ge  is  most  lilcely  backbonded  to  three  other  Ge's 
or  a  combination  of  Ge  and  Si  atoms.  If  oxygen  were  at  two  or 
three  of  these  bonding  sites,  the  zero  crossing  would  most  li)cely 
be  shifted  considerably  closer  to  or  even  below  the  free  electron 
value.  Indeed,  gx  for  the  Ge  E'  center,  a  dangling  bond  on  a  Ge 
backbonded  to  three  oxygens,  is  2.000  and  2.002  in  0-implanted  Ge 
[10].  Although  replacing  one  of  the  Si  or  Ge  backbonds  of  a  Ge 
dangling  bond  with  oxygen  might  have  little  effect  on  the  magnitude 
of  the  g-tensor,  the  deviation  from  (111)  axial  symmetry  would  be 
apparent  in  the  data  of  figure  2. 

Finally,  we  discuss  the  immediate  environment  of  the  defect.  The 
unpaired  electron  could  be  a  site  in  the  damaged  SiGe  lattice  or  a 
broken  bond  at  the  interface  between  Ge  and  the  oxide  precipitates. 
Comparison  of  the  spectra  of  two  different  0  doses  favors  the 
latter  possibility.  The  intensities  of  the  0.6x10'*  and 
1.8x10'*  cm"*  implant  samples  indicate  that  tlm  concentration  of  the 
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SGI  center  increases  with  oxygen  dose.  It  is  doubtful  that  the 
signal  increase  is  due  to  an  increase  in  implantation-induced 
disorder  since  at  these  high  dose  levels,  the  degree  of  disorder 
for  the  two  samples  should  be  about  the  same.  Furthermore,  the 
higher  dose  sample  was  implanted  at  a  temperature  above  that  of  the 
lower  dose  samples,  thus  the  degree  of  disorder  may  actually  be 
lower  in  the  1.8x10'*  cm^  sample.  We  suggest,  therefore,  that  the 
increased  signal  intensity  is  related  to  the  increased  oxygen 
content.  This  is  consistent  with  the  notion  that  the  Ge  signal 
arises  from  the  same  silicon/oxide  precipitate  interface  as  the  Si 
Pb  center.  Confirmation  of  such  a  claim  awaits  further  experiments 
involving  a  wider  range  of  0,  and  perhaps,  Ge  concentrations. 

In  summary,  we  have  observed  a  dangling  bond  defect  with  the  (111) 
symmetry  of  the  Si  lattice  in  0-implanted  SiGe  alloys.  From  the 
measured  g  values,  g|  =  1.9998  and  gj.  =  2.0260,  and  observed  (111) 
symmetry,  we  deduce  that  the  electron  is  in  an  orbital  of  a 
trivalent  Ge  atom  bac)cbonded  to  three  Ge  or  Si  atoms. 

'NEC  Postdoctoral  Fellow 
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ABSTRACT 

Schottky  barrier  diodes  (SBDs)  were  formed  by  electron  beam  evaporation  of  Pt 
and  Ti  at  various  rates  with  and  without  the  GoAs  substrates  being  screened  from  stray 
electrons  during  metalHzaiion.  Using  DLTS  U  was  found  that  some  of  the  defects 
formed  in  the  GaAs  during  metallization  have  discrete  levels  vdiHe  others  eihibU  a 
continuous  energy  distribution  in  the  bandgap.  Standard  I-V  measurements  were  used 
to  demonstrate  the  adverse  effects  of  these  E-beam  defects  on  the  SBD  characterisHcs. 

1.  Introduction 

Electron  beam  (E-beam)  evaporation,  utilising  electrons  with  energies  up  to 
20  keV,  is  a  popular  technique  to  evaporate,  amongst  others,  metals  with  high  melting 
points.  Whereas  it  has  been  reported  that  stray  electrons  oripnating  at  the  filament 
during  evaporation  cause  adverse  effects  in  metal  -  oxide  -  semiconductor  (MOS) 
devices^,  not  much  is  known  about  the  influence  of  these  electrons  on  the 
characteristics  of  Schottky  barrier  diodes  (SBDs).  Although  the  introduction  of  defects 
with  discrete  energy  levels  in  the  bandgap  of  semiconductors  has  been  reported  ^ter 
low  energy  electron  irradiation^,  the  existence  of  E-beam  induced  defects  with 
continuously  distributed  energy  levels  in  the  bandgap  has  not  yet  been  reported.  Such 
defects  can  strongly  influence  the  properties  of  SBDs  . 

In  this  paper  we  report  for  the  first  time  the  detection  by  energy  resolved  deep 
level  transient  spectroscopy  (ER-DLTS)^  of  defects  with  continuously  distributed  energy 
levels  introduced  in  GaAs  during  E-beam  evaporation  of  Pt  and  Ti  SBDs.  Furth^, 
the  combined  influence  of  the  E-beam  induced  defects  with  discrete  and  with 
continuous  energy  levds  on  the  properties  of  these  SBDs  is  evaluated  by  current  - 
voltage  (I-V)  measurements. 

2.  Experimental  Procedure 

Undoped  n-type  GaAs  epilayers  with  a  free  carrier  concentration  4  x  10  /cm 
and  a  thickness  of  about  6  pm,  grown  on  n*^-  GaAs  substrates  by  organo^etal  vapor 
phase  epitaxy  (OMVPE),  were  ured  for  SBD  fabrication.  Ni-AuGe-Au  ohmic  contacts 
were  formed  on  the  -  backsides  of  the  substrates  prior  to  SBD  fabrication.  After 
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chemical  etching^,  circular  Pt  and  Ti  contacts,  0.73  mm  in  diameter  and  500  A  thick, 
were  deposited  onto  the  GaAs  at  rates  of  0.1,  1.0  and  10  A/s  through  a  metal  contact 
mask  by  E*4)eam  evaporation.  This  was  done  wr''*out  screening  the  GaAs  from  stray 
dectrons  originating  at  the  filament  of  the  E-^.>m  evaporator.  Contrd  diodes  were 
fabricated  at  a  rate  of  1  A/s,  but  with  a  metal  shidd  placed  in  such  a  position  as  to 
prevent  stray  dectrons  originating  at  the  filament  frmn  reaching  the  GaAs.  The  SBDs 
were  dectrically  characterized  by  I-V  measurements,  while  DLTS  measurements  between 
15  and  400  K  were  used  to  characterize  the  E-beam  induced  delects. 

3.  Resnlts  and  Discossion 

Under  the  assumption  that  the  dominant  current  transport  mechanism  is 
thermionic  emission,  the  I-V  mewuremats  on  control  Pt  and  H  SBDs  yidded  barrim- 
heights  of  yib  =  0.99  eV  and  0.83  eV,  which  are  in  good  agreement  with  the  values 
reported  in  the  literature  for  these  metals.  The  ideality  factors  of  the  two  sets  of 
control  diodes  were  n  =  1.04  and  1.01,  respectivdy.  When  metallization  is  performed 
without  studding  the  substrata  from  stray  electrons  during  ev^poratirm,  it  was  found 
that  ^  was  lowered  and  it  was  increased  for  both  metals,  as  shown  in  TaUe  I.  ^om 
this  table  it  is  dear  that  Pt  SBDs  show  larger  deviations  from  ideality  and  that  a 
decreased  deposition  rate  resulted  in  an  increased  degree  of  non-ideality.  The  reason 
for  this  appears  to  be  that,  for  a  given  deposition  rate,  the  substrates  are  exposed  to  a 
higher  dectron  dose  during  Pt  (TaUe  I)  than  dntiag  the  Ti  depositirw,  which  is  a 
result  of  the  higher  E-beam  intensity  required  to  indt  Pt  than  Ti. 

TABLE  I 


Platinum  SBDs 

Titanium 

t  SBDs 

Rate 

Dose 

(AC/C)d  (AC/C)di 

<Pb 

n 

Dose 

(AC/C)ci(AC/C)dm 

n 

(A/s) 

(e/cm*) 

(eV) 

(e/cm*) 

(eV) 

0.1 

3E16 

90E^ 

40E^ 

0.88 

1.19 

3E15 

12B-4 

4.4E-4 

0.82 

1.04 

1.0 

5E15 

26E-4 

26E4 

0.95 

1.10 

1E15 

6E-4 

1.4E-4 

0.83 

1.02 

10 

OEM 

3E-4 

0.5E-4 

0.98 

1.05 

2E14 

0.5E-4 

0.2E-4 

0.83 

1.02 

1.0 

control 

lE-4 

lE-4 

0.99 

1.03 

contrd 

— 

— 

0.83 

1.01 

The  conventional  DLTS  spectra  in  Fig.  1  (curves  (a)  -  (c)  for  TI  and  (d)  -  (1) 
for  Pt)  exhibit  two  features.  Firstly,  there  ate  wdl  rfefined  peaks  eg.  EPt3  in 
curve  (1),  and  ETi3  in  curve  (c),  which  do  not  move  if  scans  ate  leoordel  at  difierent 
DLTS  filling  pulse  voltages,  Vf.  These  peaks  are  characteristic  of  discrete  levd  d^ects 
(DLDs),  i.e.  d^ects  with  discrete  ene^  levels  in  the  baadgap^.  From  Rg.  1  and 
TaUe  I  (whoe  (AC/C)di  was  taken  as  the  height  of  the  EPt3  and  E^3  peaks)  it  is 
dear  that  the  <»ncentration  of  the  DLDs  increases  with  iacrcadng  d^osiUott  rate 

Secondly,  the  spectra  contain  peaks  that  become  broada  and  move  to  lower 
temperatures  when  Vr  is  increased,  eg.  EPtS  in  curves  (d)  -  (Q  and  ETiS  in 
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curves  (a)  -  (c),  and  also  show  a  baseline  elevation  of  a  part  of  the  spectra.  This 
second  feature  is  the  result  of  the  presence  of  continuous  level  defects  (CLDs),  i.e. 
defects  with  a  continuous  energy  distribution  in  the  bandgap.  Fig.  2  and  Table  I  show 
that  the  concentration  of  the  CLDs  (proportional  to  (AC/C)ci  in  Table  I)  also  increases 
as  the  deposition  rate  is  decreased. 

In  order  to  estimate  the  energy  distribution  in  the  bandgap  of  the  CLDs  which 
result  in  this  second  feature,  energy  resolved  (ER-)  DLTS^  measurements  were  made 
by  recording  spectra  with  small  differences  in  the  filling  pulse  voltage  and  then 
subtracting  these  spectra  fr^m  each  other..  The  information  contained  in  such  spectra 
originates  from  two  regions  in  the  SBD.  The  first  region  is  located  at 

Xf  =  [26( Vbi-Vf)/qNdl *  -  (2£(Et-Ef)/qNdl (1) 


below  the  interface  and  contains  information  primarily  about  the  DLDs  which  may 
extend  up  to  several  microns  below  the  interface.  The  second  region,  which  is  of 
interest  for  this  paper,  is  the  semiconductor  immediately  adjacent  to  the  interface. 
Using  ER-DLTS  this  region  may  be  probed  for  CLDs.  These  defects  will  be  detectable 
provided  they  are  in  equilibrium  with  the  Fermi  level  of  the  semiconductor  and  not 
with  that  of  the  metal.  CLDs  at  the  interface,  however,  are  in  equilibrium  with  the 
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Kg.  1:  DLTS  spectra  for  E-beam 

deposited  Ti  (curves  (a)  -  (c))  and  Pt  ((d)  - 
(fi)  SBDs.  All  curves  were  recorded  with  a 
lock-iu  amplifier  frequency  of  10  Hz  and  a 
reverse  bias  of  Vr  =  1  V.  The  filling  pulses 
Vf  are  given  in  the  figure. 


ENERGY  IN  BANDGAP:  Ec“E  (eV) 

Kg.  2:  ER-DLTS  signal  of  Pt  and  Ti 

SBDs  as  function  of  position  in  the  bandgap. 
The  concentration  of  continuous  level  defects, 
Net,  is  proportional  to  the  ER-DLTS  signal. 
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i  metal  Fermi  level  because  the  thin  interfacial  oxide  left  after  chemical  etching  is  not 

I  thick  enough  to  prevent  carriers  to  tunnel  from  them  to  the  metal  and  hence  these 

»  f? 

;  defects  are  not  detectable  by  capacitive  methods  .  When  a  forvratd  bias  filling  voltage 

Vf  is  applied  to  the  SBD  and  the  semiconductor  Fermi  level  is  not  pinned  at  the 
interface,  then  ER-DLTS  yields  information  pertaining  to  defects  at  E  =  ^  -  Vf 
below  the  conduction  band.  The  concentration  of  CLDs  in  an  energy  interval  ^  at 
Ec  -  E  that  contribute  to  the  ER-DLTS  signal  may  be  approximately  estimated  from 

Nci(E,iE)  =  [£qNd/C5E].i(AC/C),  (2) 

where  6{AC/C)  is  the  ER-DLTS  signal  magnitude  for  a  filling  pulse  increment  of 
SW  =  SE/q,  and  the  other  symbols  have  their  conventional  meanings. 

ER-DLTS  measurements  for  which  0  <  Vf  <  1.1  V  and  SV  =  0.02  V  were 
performed  on  Pt  as  well  as  Ti  SBDs.  The  results  showed  that  the  CLD  concentration, 
Nci  in  SBDs,  which  is  proportional  to  the  ER-DLTS  signal  in  Fig.  2,  varies 
continuously  with  energy  in  a  region  of  the  bandgap  but  exhibits  a  rather  sharp 
maximum  as  shown  in  Fig.  2.  Whereas  the  Nd  peak  in  Pt  SBDs  is  at  about 
Ec  -  0.30  eV,  it  is  located  at  about  Ec  --  0.42  eV  for  Ti.  For  both  metals  the  peak 
maximum  was  found  to  increase  as  the  deposition  rate  was  decreased.  However,  the 
peak  concentration  for  Ti  SBDs  deposited  at  1  A/s  is  about  4  times  lower  than  for  Pt 
SBDs  fabricated  at  the  same  deposition  rate. 

4.  Conclusions 

The  ER-DLTS  measurements  indicated  that  apart  from  the  discrete  level  defects 
2 

previously  reported  ,  E-beam  metallization  also  causes  the  introduction  of  defects  with 
a  continuous  energy  distribution.  This  distribution  peaks  at  0.30  and  0.42  eV  below 
the  GaAs  conduction  band  for  Pt  and  Ti  SBDs,  respectively.  The  concentration  of  the 
discrete  and  continuous  level  defects  increased  if  the  deposition  rate  was  decreased.  Ti 
SBDs  formed  by  E-beam  deposition  were  found  to  be  vf  higher  quality  than  Pt  SBDs 
formed  at  the  same  conditions.  The  ER-DLTS  results  presented  here  support  the  view 
that  because  less  power  is  required  to  evaporate  Ti,  fewer  defects  are  introduced  during 
the  deposition  of  Ti  than  of  Pt,  thereby  yielding  higher  quality  SBDs.  In  summary, 
the  results  presented  here  have  clearly  demonstrated  that  the  defects  introduced  during 
E-beam  metallization  result  in  an  increase  in  the  degree  of  non-ideality  of  SBDs. 
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ABSTRACT 

The  mechanism  of  electron-beam  doping  (EBD)  methods  in  semiconductors  has  been 
investigated.  There  are  two-kinds  of  enhanced  diffusion;  one  is  the 
recombination  enhanced  diffusion  (mobility-enhanced)  and  2nd  is  the  kick-out 
mechanism  (concentration-enhanced) . 


1.  Introduction 

Diffusion  in  semiconductors  can  occur  via  a  number  of  different  mechanism' .  The 
mechanism  of  enhanced  diffusion  can  be  operative  in  the  presence  of 
ionization  or  of  defects  in  non-equilibrium  concentrations  produced  by 
energetic  particles' .  The  energy-release-type  mechanisms  appear  to  be 
most  effective  in  raising  the  mobility  of  directly  diffusing  defects  in 
Si,  Ge  and  GaAs* .  The  diffusion  of  dopants  is  enhanced,  since  the 
concentrations  of  self-lnterstltials,  which  serve  as  diffusion  vehicles  for 
the  dopants  (Interstltlalcy  mechanism),  are  raised  above  their 
thermal  equlribrlum  values* . 

Recently,  new  methods  of  electron-beam  doping*-*  (EBD),  electron-beam 
oxidation®  (EBO),  and  electron-beam  epitaxy*  (EBE)  processes  have  been  reported 
by  the  author  and  other  workers.  In  the  present  paper  we  have  investigated  the 
mechanism  of  electron-beam  doping  methods  (superdlffuslon)  in  semiconductors. 


2.  Experimental  procedure 

The  wafers  used  in  the  experiments  were  (lll)-oriented  n-Si(ta0.25mm) ,  (111)- 
oriented  n-Ge(t2i0.25mm)  and  (lOO)-orlented  undoped  semi-insulating  GaAs(t2!0.5mm) 
grown  by  liquid  encapsulated  Czochralski(LEC) .  Two-layer  structures (array  II, 
All)  were  of  overlayer  GaAs//substrate  GaAs  (Allg),  Ge//Si  (AIIi),  Si//GaAs 
(AIIz )  and  Al/GaAs  (Alls),  which  means  A1  evapolated  layers  on  GaAs.  The  other 
structures  were  of  GaAs (layer  3 )//Si( layer  2)//GaAs  (layer  l)(AIIIi),  (a  Si 
wafer  was  sandwiched  between  two  GaAs  wafers)  Sl//Ge//Si(AIIl2 ),  and 
GaAs/Al//Al/GaAs  (AIV).  The  surfaces  of  the  overlayers  (Ge  for  AIIi ,  A1  for 
Alls,  Si  for  Alls  and  AIIIs ,  and  GaAs  for  Alle ,  AIII)  and  AIV)  in  contact  with 
the  substrates  were  irradiated  with  a  total  fluence  of  ''<(5-72)xl0' * 
electrons’ cm" *  at  7MeV,  and  at  50-60’ C  from  an  electron  linear  accelerator  with 
a  pulse  width  of  3.5ns,  a  200Hz  duty  cycle  and  a  peak  electron-beam  current  of 
'v50mA*cm-*.  During  irradiation,  the  samples  were  put  in  an  Isothermal 
circulating  water  bath  using  a  thermoregulator. 

After  Irradiation,  the  secondary-ion-mass  spectrometry(SIMS)  measurements 
for  All)  were  performed  by  using  the  primary  ion  (Os*)  beam  (diameter  Imnkp)  with 
an  ion  energy  of  12KeV  in  a  2.7x10*''  Torr  vacuum.  The  GaAs  samples  of  layer  1 
for  AIII) ,  and  of  Alls  were  annealed  at  800'  C  for  20  min  with  a  SiOs  cap  in  a 
conventional  furnace.  After  stripping  off  the  SiOs  films,  photoluminescence  (PL) 
measurements  were  performed  at  77K.  A  focused  80mW,  514. 5nm  argon  laser  beam  was 
used  as  the  excitation  source.  The  Introductions  of  Ge  Impurity  atoms  in  Si  for 
AIIIs  without  annealing  were  measured  by  Rutherford  backscatterlng  spectroscopy 
(RBS),  using  a  1.8MeV  *He*  beam.  The  yield  of  scattered  He  ions  was  studied  as  a 
function  of  the  angle  of  incidence.  Tilt  and  rotation  settings  on  the  goniometer 
used,  could  be  reproduced  to  within  0.05'  .  To  avoid  pile-up  effects  in  the 
electronics  small  currents  were  used,  typically  15nA.  PL  and  lifetime 
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measurements  for  Allt  and  Irradiated  GaAs  wafer  were  performed  by  Hamamatsu 
system  consisted  of  a  laser  diode  (X=670nm)  and  a  streak  camera.  The  Raman 
spectra  were  measured  In  a  usual  backscatterlng  conflgruratlon,  using  the  514. Snm 
line  of  an  argon  Ion  laser  operating  at  20mW  CW  as  the  exciting  source.  In  the 
cases  of  AII3  and  AIV,  after  Irradiation  and  etching  away  A1  layer,  the 
measurements  were  carried  out. 


3.  Experimental  results 

In  the  experiments  of  Alli  system,  the  concentrations  Na*  of  Ge  atoms  by  SINS 
and  RBS  measurements  In  SI  EB-doped  with  the  same  fluence  at  60'  C  are 

shown  In  flg.l  at  ‘»50A  from 
the  SI  surface  as  a  function  of 
dose  rate  (d^/dt).  The  total 
doses  are  5x10* electrons* cm" * 
at  d4>/dt20.4-2.1xl0' electrons* 
cm-**s-i  and  10**  electrons* cm** 
at  2.7-7.7x10' T  electrons  *  cm" *  * 
s"' .  The  value  of  Ng»  Increased 
with  Increasing  dose  rate,  and 
became  a  maximum  value  at  a 
proper  rate.  ’"hen,  Na. 
decreased  In  higher  dose  rates. 

Figures  2a  and  2b  Indicate  PL 
spectra  at  77K  for  the  EBD  GaAs 
samples  of  layer  1  for  AIIIi 
and  of  Alls  after  annealing. 

There  are  three  emission  peaks: 
a  peak  attributed  to  the  band 
gap  transition  at  l.SleV,  a 
peak  attributed  to  silicon 
acceptor  with  Isolated  SI  atoms 
on  As  site  S1a$  at  1.48  eV  and 
a  peak  attributed  to  the 
residual  copper  In  Ga  site  Cusi 
at  1.36eV.  The  ratio  of  the 
emission  intensity  for  the  SIas 
of  GaAs  for  AIIIi  to  that  of 
GaAs  for  Alls  was  nearly  4  to  1. 

It  is  clear  that  the  AIlli 
structure  is  more  effective  in 
EBD  technique  than  the  Alls 
structure. 

Figure  3  shows  the  angular 
distribution  of  elastically 
scattered  *He*  ions  around  the 
<110>,  <111>  and  <100> 

directions  obtained  for  Si 
(layer  1)  of  Allis  EBD  Ge-doped 
SI  sample  without  annealing. 

Also,  the  energy  spectra  In  the 
random  and  aligned  conditions 
for  the  sample  Indicated  In  the 
<111>  direction,  where  the 
scattering  yields  from  Ge  atoms 
exhibited  a  marked  Increase 
above  Ge  random  values.  The  Ge 
concentration  In  Si  at  the 
surface  for  the  <111>  direction 
was  estimated  as  about  1.2x10^* 


Flg.l  Dose  rate  dependence  of  the  Ge 
concentrations  at  50A  from  the 
surface  of  Si  before  annealing 


Photon  Energy  (eV) 


Fig. 2  PL  spectra  at  77K  for  GaAs  Irradiated 
in  (a)Alllt  (layer  1)  and  (blAlls 
after  annealing  at  800' C  for  20  min. 
Broken  lines  are  Lorenzian  curves 
computed  to  show  the  most  suitable 
agreement  with  spectra. 
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. . .  i;*' 


Materials  Science  Forum  vols.  83-87 


1505 


CB'*.  The  observed  values  of  the  scattering  yield (xi i n )  from  the  Si  atoms 
for  the  perfectly  aligned  direction  of  <110>,  <111>  and  <100>  are  obtained 
to  be  0.035,  0.05  and  0.04,  respectively.  Around  the  <111>  direction  a 
narrow  peak  from  the  Ge  atoms  in  the  mid-channel  region  was  observed,  but 
around  the  <110>  and  <100>  directions  the  channeling  dips,  which  were  much 
weaker  than  the  corresponding  one  for  the  Si  lattice,  were  measured  as  gain  = 
0.92  and  0.75,  respectively.  The  occurrence  of  such  a  peak  and  dips  would  be 
Interpreted  as  being  caused  by  scattering  from  Ge  Impurity  atoms  partially 
located  in  both  the  bond-centered  interstitial  and  a  split  <111>  interstitial  in 
the  Si  lattice^ .  The  typical  results  of  PL  aeasurements  and  the  Raman  spectra 
at  300K  for  GaAs  samples  of  layers  1  and  2  for  Alia ,  and  of  an  irradiated 
substrate  only  AI  before  annealing  are  shown  in  fig. 4.  In  this  PL  experiments,  a 
laser  diode  (A=670nm)  was  used  as  the  excitation  source.  The  PL  spectra  of 
layers  1  and  2  for  Alla  Indicated  a  clear  peak  at  1.38eV  which  is  attributed  to 
the  Ga  antisite  defect,  Gaat*  However,  it  disappears  for  AI.  The  Intensity  of 
Raman  spectra  of  the  LO  phonon  at  292  cm'>  for  GaAs  samples  of  Alla  is  much 
larger  than  that  of  AI.  Figure  5  shows  Raman  spectra  (LO  phonon)  of  upper  and 
lower  layers  of  GaAs  for  AIV  and  GaAs  wafer  for  Alls .  It  is  emphasized  that  all 
of  Raman  spectra  were  observed  before  annealing.  Both  intensities  of  LO  phonon 
in  figs. 5a  and  5b  (AIV)  are  much  larger  than  that  in  fig. 5c  (Alls).  In  the  AIV 
structures,  the  solid  phase  epitaxial  layers  of  AlxGai-xAs  (xsiO.05)  were  grown 
in  GaAs  substrates  at  50‘ C,  but  for  Alls  no  alloying  was  observed.  The 
characterization  was  carried  out  by  using  an  X-ray  photoelectron  spectroscopy 
(XPS).  They  were  measured  with  MgKo  radiation  at  a  pressure  of  -^IxlO'S  Pa.  The 
A12p]/2  core-level  binding  energies  for  elemental  AI,  AlAs  and  AlgOs  are  74, 
75.0  and  75.5eV,  respectively.  The  A12p  peak  energy  for  AIV  structure  is  75eV, 
but  for  Alls  It  is  74eV.  The  composition  of  EBE  AlxGaj-xAs  was  estimated  roughly 
to  be  0.05  by  comparing  its  XPS  results  with  those  of  MBE  AlxGai-xAs  layers  for 
X  =  0.3  and  0.1. 


TILT  ANGLE  (DEG) 


Fig. 3  Scattering  yield  from  the  Ge  atoms  (o)  and  from  the  Si  atoms 
(•)  in  Si  (layer  1)  for  Allla  as  a  function  of  the  angle 
between  the  incident  beam  direction  and  various  low-index  axes 
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Ramon  Shill  (cm*') 

Flg.5 

Fig. 4  PL  and  Raman  spectra  at  room 

temperature  for  EBD-GaAs  before  Raman  spectra  of  EBD-(IOO) 

annealing.  The  samples  for  PL  GaAs  from  the  surface  before 

were  (a)layer  1 (solid  line)  and  annealing.  The  samples  were 

layer  2  (broken  line)  in  All*,  (a)upper  and  (b)lower  layers 

and  (b)GaAs  in  Al.  The  samples  in  AIV,  and  (c)GaAs  in  Alls 

for  Raman  spectra  were  (c)layer 
1  in  All*  and  (d)GaAs  in  AI. 


4.  Discussion 


There  are  two  kinds  of  migration  processes  for  impurity  atoms: (1)  dopant 
impurity  atoms  are  emitted  from  overlayers  by  Incident  electron-beams  and  (2) 
introduced  dopant  atoms  into  substrates  migrate  by  enhanced  diffusion  mechanism. 
Here,  we  discuss  the  enhanced  diffusion. 

4-1  Recombination-enhanced  diffusion 


a)  Diffusivity 

The  extrapolated  ranges  of  electrons  at  7MeV  in  Si,  Ge  and  GaAs  are  about 
15,  5.6  and  5.65mm,  respectively*.  The  wafers  are  sufficiently  thin  to  allow 
the  irradiating  electrons  to  penetrate  into  the  overlayer  and  substrate  without 
a  significant  loss  in  kinetic  energy.  The  rate  of  generation  G  of  electron-hole 
pairs  (EHPs)  per  unit  time  by  an  incident  electron  can  be  estimated  as 
follows*  , 

®  “  T*lF“dt-  . 

where  e  is  the  energy  for  the  formation  of  EHP  ('^3.88,  2.79  and  4.63  eV  for 
Si,  Ge  and  GaAs,  respectively),  dE/dx  the  energy  loss  per  cm  of  the  path  by  a 
fast  electron,  (3.87,  9.28  and  8.16  MeV* cm* > 'electron*' )  and  d^/dtsJ.lxlO'T 
electrons'cm** 'S*'  during  pulse  width  on  electron  irradiation.  The  irradiation 
results  in  Gs3.1,  10.0  and  5.5x10**  EHPs'cm** 'S*'  for  Si,  Ge  and  GaAs, 

respectively.  G  produces  and  electron-hole  pair  concentration  of 

n  =  G't  .  (2) 

where  t  Is  the  carrier  lifetime.  The  value  of  x  for  the  irradiated  GaAs  wafer 
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was  obtained  to  be  '^2.7  ns  from  neasurements  by  a  two-dimensional  Hamamatsu 
streak  camera  coupled  with  a  monochromator.  Then,  nsl. 35x10* ^ cm'®  for  GaAs.  For 
an  energy-release  mechanism*-®,  a  number  of  Jumps  R  are  obtained  as 

R  =  n*ff.‘V‘exp{-(Ec+EH)/kT}  .  (3) 

where  or  is  the  cross  sect’cns,  V  the  thermal  velocity,  Eo  thermal  activation 
energy  for  trapping  and  Eh  thermal  activation  energy  of  recombination-enhanced 
defect  reaction  (Eh=0  for  the  Bourgoln  mechanism**).  In  the  case  of  Ge//Sl, 
Eo+Eh  was  obtained  as  ‘^0.3eV  near  the  surface  from  the  SINS  measurements  for 
various  irradiation  temperatures.  The  effective  diffuslvity  for  recombination- 
enhanced  diffusion  Is  roughly  given  by 

D,fraR-(Ax)V4  .  (4) 

where  ax  Is  the  Jump  distance.  By  using  their  values,  D*rr  Is  estimated  to  be 
about  10'**  cm* ‘S'*,  being  roughly  In  agreement  with  the  experiments  near  the 
surface.  Assuming  Eo+EhsO.!?  eV,  D»ff  becomes  10'**  cm**S'*. 

b)  Carrier  lifetime  dependence 

In  the  case  of  AIIi  experiments  for  dose  rate(d^/dt)  dependence  (see  fig.l), 
the  increasing  region  of  Nst  is  due  to  the  relationship  of  G  te  d0/dt.  The 
decreasing  region  is  caused  by  the  shorter  lifetimes  of  carriers,  because  higher 
concentrations  of  defects  are  Introduced  by  larger  dose  rates. 

In  the  experiments  of  fig.  2,  the  ratios  of  the  PL  emission  Intensities  for 
the  Sl-acceptor  (Sios)  And  band-to-band  transition  of  GaAs  for  Allli  to  those 
for  Alla  were  nearly  4  to  1  and  10  to  1,  respectively.  The  time-integrated 
Intensity  of  the  band-to-band  transition  is  proportional  to  the  carrier 
lifetime'*.  Then,  the  lifetime  of  GaAs  for  AIIli  is  much  longer  than  that  for 
Alla.  D*rf  for  Allli  accordingly  is  much  larger  than  that  for  Alla.  Thus,  the 
Slfta  concentration  for  AIIIi  Is  much  larger  than  that  for  Alla,  being  in 
agreement  with  the  experiments. 

c)  Bourgoin  mechanism 

In  the  RBS  experiments  for  Allla ,  it  is  indicated  that  the  Ge  interstitial 
configurations  in  SI  are  both  a  bond-centered  Interstitial  and  a  split-<lU> 
interstitial.  Weigel  et  al**  have  suggested  that  the  interstitial  In  the 
diamond  lattice  is  a  possible  example  of  the  Bourgoin  mechanism  of  athermal 
migration  of  a  defect  in  the  presence  of  ionizing  radiation.  In  our  experiments, 
the  Bourgoin  mechanism  may  supply  an  athermal  mechanism  for  the  interstitial 
migration  via  the  alternate  capture  of  electrons  and  holes.  The  diffuslvity  of 
boron  In  Si  for  the  common  diffusion  process  at  elevated  temperatures  is  known 
to  be  enhanced  by  a  supersaturation  of  self-interstitials. 

It  is  suggested  that  the  diffuslvity  of  EBD-Ge  in  Si  is  enhanced  by  a 
supersaturation  of  self-interstitials  (kick-out  mechanism**). 

4-2  Kick-out  mechanism  (concentration-enhanced  diffusion) 

Ion-type  intrinsic  defects  produced  by  irradiation  for  GaAs  are 
Interstitials  ASi  or  Gai ,  or  antlsltes  Asot  or  G&n».  Corbel  et  al*®.  have 
showed  that  1.5-3  NeV  electron  Irradiation  produces  negative  Gapt  antisites  and 
negative  Vgi  vacancies,  and  earlier  that  the  arsenic  vacancies  are  Involved  In 
the  native  monovacancy  defects  while  the  gallium  vacancies  are  Involved  in  the 
irradiation-induced  monovacancy  defect.  Spicer  et  al  also  have  reported  that  the 
dominant  surface  states  on  GaAs  were  associated  with  an  As  deficit**. 

a)AI  (mono-substrate)  and  AIIi 

For  the  both  cases  of  the  present  electron  irradiation  and  ion 
implantation**  for  GaAs  substrate,  Raman  intensities  similarly  decreased  with 
increasing  total  dose  due  to  damage  produced  by  irradiation 
(‘'-5x10*®  electrons •  cm' * )  and  implantation  with  lower  doses,  but  a  peak  frequency 
shift  and  band  width  of  their  spectra  did  not  change.  The  onset  dose  at  which 
damage  was  detectable  by  Raman  measurement  was  7.5x10**  ions-cm'*  In  Si** 
implanted  silicon**. 

In  the  case  of  Alls,  the  intensities  of  Raman  (LO  phonon)  and  PL  spectra 
before  annealing  increase  largely  compared  with  that  for  Al  (see  figs. 4  and  5). 
Interstitials  Asi  and  Gai  created  by  Irradiation  of  the  overlayer  are  emitted 


1508 


ICDS‘16 


from  the  overlayer  and  reached  to  the  substrate  surfaces.  Then,  Asi  could 
diffuse  into  the  substrate  and  fill  the  As  vacancies  at  or  near  the  surface  as 
follows, 

Asi  +  Vfl»  2  Asas  . (5) 

The  Increase  of  Ranan  Intensity  for  AIli  may  be  probably  caused  by  filling: 
the  vacancies  at  the  surface. 

As  the  kick-out  mechanism  may  be  dominant  for  EBD  experiments,  the  following 
reaction  for  Gai  may  be  established  via  As  self-lnterstltial 

Ga,  GaA A  As,  •*•••(6) 

Asi (I)  concentration  Is  reduced  near  the  surface,  since  the  surfaces  may  act 
as  1  sinks. 

According  to  eq.6  the  formation  of  Goa*  (this  formation  energy  is  lower  than 
that  of  Asqa)  requires  the  generation  of  I*.  During  Irradiation  for  All#  a 
supersaturation  of  I  (self-lnterstltlal)  Is  built  up.  Thus,  the  PL  spectra  for 
Alla  show  a  large  peak  attributed  to  Gsas • 

b)  Electron-beam  epitaxy  (EBE) 

In  the  case  of  EBE-Al*Gai-xSb,  U-shaped  diffusion  profiles  of  A1  atoms  In 
substrates  were  observed  by  SINS.  In  a  previous  paper< ,  the  U-shaped  diffusion 
profiles  of  Impurity  atoms  Into  Si  wafers  were  explained  by  considering  the 
"klck-out"  mechanism.  Thermal  equilibrium  between  AIdi  and  Ali  may  be 
established  via  Ga  self-lnterstltlals  according  to  the  klck-out  mechanlsmi^ 

Ala,  +  Gai  ?  All  . (7) 

where  Ala,  represents  an  A1  atom  on  a  Ga  site,  Gai  a  Ga  atom  on  an  interstitial 
site.  As  a  supersaturation  of  Gai  Introduced  from  the  overlayer  Is  built  up, 
alloying  may  be  formed  by  reaction  of  eq.7.  Further  studies  on  EBE  is  now  In 
progress. 


Acknowledgements 

We  are  grateful  to  Dr.  Y.Shlnozuka  of  Yamaguchi  University  and  Dr.  N.lchlmura  of 
Nagoya  Institute  of  Technology  for  valuable  discussions,  and  to  Dr.  H.Kan  of 
Hamamatsu  photonics  KK  for  measurements  of  lifetime.  This  work  was  partly 
supported  by  Nippon  Electric  Co.  Foundation. 


References 

1.  J.C.Bourgoln  and  J.W. Corbett,  Rad. Effects.  36,  157  (1978) 

2.  W. Frank,  A.Seeger  and  U.Gosele,  In  Defects  In  semiconductors,  J.Narayan  and 
T.Y.Tan  ed.  (North-Holland,  1981)  p31 

3.  T.Wada,  Nucl.Instr.  and  Meth.  182/181,  131  (1981) 

4.  T.Wada  and  H.Hada,  Phys.Rev.B  30(6),  3384  (1984) 

5.  T.Wada,  Appl.Phys.Lett.  52,  1056  (1988) 

6.  T.Wada  and_Y.Maeda,  Appl.Phys.Lett.  51,  2130  (1987) 

7.  K.Komakl,  Oyo  Buturl,  «,  637  (1979)  (in  Japanese) 

8.  T.Tabata,  R.Itoh  and  S.Okabe,  Nucl.Instr.  and  Neth.  ]^,  85  (1972) 

9.  H.Sumi,  Phys.Rev.B^,  2374  (1983) 

10.  K.Leo,  W.W. Ruble,  P.Norelberg  and  T.FuJli,  J.Appl.Phys.  66(4),  1800  (1989) 

11.  C. Weigel,  D.Peak,  J.W. Corbett,  G.D. Watkins  and  R.P. Messier,  Phys.Rev.B 
8(6),  2906  (1973) 

12.  U.Gosele,  F.Morehead,  W. Frank  and  A.Seeger,  Appl.Phys.Lett.  38,  157  (1981) 

13.  C. Corbel,  F. Pierre,  P.HautoJarvl,  K. Saarinen  and  P. Moser,  Phys.Rev  B  41(15), 
10632  (1990) 

14.  W.E. Spicer,  P.W.Chye,  P.R.Skeath,  C.Y.Su  and  I.Lindau,  J.Vac.Sci.Technol. 
16(5),  1422  (1979) 

15.  K.Nizoguchi,  S.Nakashlia,  A. Fuji!,  A.NitoUishi,  H.Norimoto,  H.Onoda  and 
T.Kato,  Jpn. J.Appl.Phys.  ^(6),  903  (1987) 


.  •  >  ,<  k'lW  V/  %  s'  I  P  W  ■  S  1  f  i-  jr' .  I-  ‘'.I*.  /vl  1,1  t  ft  1.' 


Materials  Science  Forum  Vol.  83-87  (1992)  pp.  1509-1518 


HIGH  TEMPERATURE  DEFECT-FREE  RAPID  THERMAL  ANNEALING  OF  HI-V 
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ABSTRACT 

High  temperature  defect-free  rapid  thenmal  annealing  of  III-V  substrates  was  achieved  in  a  load- 
locked  rapid-thennal  low-pressure  metallorganic  chemical-vapor-deposition  (RT-LPMOCVD) 
reactor,  under  phosphorus  and  arsenic  controlled  ambients,  using  tertiarybutylphosphine  (TBP)  and 
tertiarybutylarsine  (IDA)  metallorganic  liquid  sources. 

Damage-free  surfaces  of  InP  and  GaAs  were  obtained  for  temperatures  up  to  700°C  for  InP 
under  TBP  ambient,  or  above  900°C  for  GaAs  under  TB  A  ambient,  respectively.  Armealing  the  III-V 
substrates  at  low  protective  ambient  pressure  (SOmTorr)  provided  an  excellent  surface  protection 
through  the  heating  cycle,  demonstrating  the  advantage  of  using  these  ambients  which  are  much  less 
toxic  than  PH3  or  AsHs,  and  without  resulting  in  deposition  of  the  group-V  elements  on  the  surface 
and  without  reducing  the  efficiency  of  the  process. 

I.  INTRODUCTION 

Efficient  ion  implantation  activation  and  contact  metallization  sintering  of  III-V  materials, 
require  high  temperature  annealing  cycles.^*"*^  The  annealing  temperatures  are  often  well  above  those 
which  lead  to  surface  decomposition  due  to  group-V  species  incongruent  evaporation,  and,  therefore, 
protection  of  the  wafer  surface  is  needed  to  minimize  the  loss  of  P  or  As.  The  use  of  rapid  thermal 
annealing  (RTA)  in  III-V  technology  provides  a  strcmg  impetus  for  investigating  surface  protection 
methods.  In  order  to  achieve  a  good  surface  protection,  a  variety  of  possible  solutions  associated  with 
the  RTA  technique  have  been  tried,  but  each  has  deficiencies,  as  is  described  below:  Dielectric 
encapsulants  (Si3N4,  Si02,  or  AIN),  are  commonly  used  for  this  purpose.  This  technique  exhibits 
adhesion  problems  at  the  high  annealing  temperatures  and  induces  considerable  stress  into  the 
underlying  films  and  substrates,  which  stron^y  effects  the  implanted  layer  characteristics.^’'’’’^ 
Second  method  is  using  an  enclosed  graphite  cavity  for  the  RTA  of  both  GaAs  and  InP.’"~'^’  This 
method  provides  a  very  uniform  heating  environment  for  the  wafer  because  of  the  high  emissivity  of 
the  graphite,  reducing  slip  formation,  and  eliminating  the  need  for  a  guard  ring  around  the 
circumference  of  the  wafer,  which  has  been  suggested  earlier  as  a  solution  for  the  temperature 
nonuniformities.’'^’’^  The  main  disadvantage  of  using  the  graphite  susceptor,  however,  is  the  need 
to  recharge  the  graphite  cavity  with  P  prior  to  each  InP  wafer  annealing,  and  with  As,  when  annealing 
GaAs  wafers.”*’ 

In  order  to  eliminate  the  need  for  recharging  the  gra{Mte  cavity  with  the  group-V  species,  wo 
have  introduced  a  modified  graphite  susceptor  with  peripheral  reservoirs  filled  with  either  As  or  P- 
containing  source  material.'^’  This  arrangement  allows  for  a  continuous  supply  of  the  group-V 
element  during  annealing  without  the  need  for  recharging.  However,  while  int^ucing  the  graphite 
susceptor  solution  to  a  manufacturing  line,  it  presents  some  complication  which  are  associated  with 
the  handling  of  the  susceptor,  the  need  to  load  the  wafer  into  it,  and  the  actual  loading  of  the  entire 
structure  into  the  annealer.  In  addition,  it  provides  only  an  approximate  group-V  vapor  pressure 
control,  which  Jtfiuences  the  reproducibility  and  accuracy  of  the  process. 

Those  techiuques  were  suggested  as  an  improvement  to  the  traditional  protective  annealing 
method,  the  so-called  proximity  annealing,  in  whi^  the  wafer  of  interest  has  been  placed  face  to  face 
with  another  wafer  of  the  same  kind  and,  thus,  an  overpressure  of  the  volatile  group-V  element  was 
created  between  the  two  wafers  to  partially  prevent  further  surface  dissociation  of  the  wafer  of 
interest.”®’ 
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As  mentioned  earlier,  all  these  approaches  were  suggested  in  an  attempt  to  get  around  one  of 
the  major  dendencies  of  the  RTA  technique,  namely,  eliminating  the  III-V  semiconductor  surface 
integrity  degradation,  but  yet  retaining  all  the  well-repoited  advantages  of  this  heating  mcthod.®'"^^ 

The  most  straight  forward  approach  to  be  taken  in  order  to  preserve  all  the  advantages  of  the 
RTA  technique,  while  eliminating  the  surface  decomposition,  is  to  provide  a  global  group-V  (arsenic 
or  phosphorus)  overpressure  in  the  rapid  thennal  annealer  chamber.  This  concept  was  suggested  by  a 
number  of  groups  in  the  past,'”^’"^*^  but  has  not  been  widely  used  in  the  III-V  technology  community 
due  to  the  very  stringent  safety  requirement  associated  with  the  use  of  the  toxic  hydride  gases.  The 
factors  which  limited  the  implementation  of  AsHa  or  PHa  overpressure  method  in  routine  annealing 
processes  were  the  acute  inhalation  toxicity  of  the  hydrides,  such  as  ASH3  (LC5o=S-40ppm)  and 
PH3  (LC50  =  11-  SO  ppm),  their  severe  health  effects,  such  as  blood  hemolysis,  the  threat  of  possible 
catastto[^es,  the  high  expenses  associated  with  equipment  needed  to  handle  these  toxic  gases,  and  in 
addition  the  fact  that  PH3  has  a  slow  pyrolysis  rate,  (decomposing  by  only  25%  at  600*’C.^^^) 

During  the  last  three  years,  new  chemicals  have  been  introduced  as  efficient  replacements  for 
the  hydrides.  These  chemicals  do  not  have  the  high  degree  of  toxicity  or  the  hydrides,  and  make  the 
possibility  of  direct  protective  ambient  in  the  RTA  much  more  attractive.  They  include 
organometallic  liquid  precursors'*^  such  as  tertiatybutylarnne  (TBA)  and  tBP  (TBP),*^'^  which  have 
been  successfully  used  for  growing  InP  and  GaAs-based  materisds  and  devices.^*"^* 

In  this  paper  we  describe  a  high  quality  RTA  process  for  GaAs  and  InP  substrates,  using  low 
pressure  TBA  and  TBP,  respectively,  in  a  recently  designed,  commercially  available,  RT-LPMOCVD 
reactor.  The  surface  morphology  and  metal/semiconductor  interdiffusion  profiles  in  the  annealed 
samples  were  investigated  and  provide  solid  evidence  for  the  superiority  of  this  method. 

n.  EXPERIMENTAL 

2"  round  semi-insulating  (SI)  InP  aitd  undoped  GaAs  wafers,  <100>  oriented,  were  r^id 
thermally  annealed  under  protective  and  inert  controlled  ambients,  in  order  to  assess  the  influence  of 
the  ambient  on  the  morphology  and  surface  preservation  of  the  annealed  wafers.  In  addition,  some 
substrates  with  a  WSi,  cap  layer  (thickness  of  about  100  nm)  were  annealed  as  weU  in  order  to 
evaluate  any  possible  correlation  between  the  evolution  of  the  metal-semiconductor  interfacial 
reactions  and  the  type  of  ambient  gas  used  to  create  the  group  V  overpressure  in  the  chamber.  Both 
InP  and  GaAs  wafers  were  degreased  in  organic  solvents  and  etched  in  so-called  A-etchant 
(1 H20 : 1 H2O2: 5  H-^SO^)  at  room  temperature  for  4  min,  followed  by  a  de-ionized  water  rinse  and 
blown  dry  with  N2  before  loading  into  the  reactor.  The  WSi,  was  deposited  by  rf  sputtering.*^*^^ 

All  the  annealing  were  carried  out  in  a  prototype  of  the  now  commercially  available  A.  G. 
Associated  Heatpulse  CVD-800™  system,  designed  in  a  joint  effort  between  one  of  us^'*^*  and 
A.  G.  Associates.  In  brief,  this  is  a  load-locked,  low  pressure,  horizontal  flow,  cold  wall  chamber, 
single-wafer  rapid  thermal  processor,  capable  of  processing  with  inert,  hazardous  or  corrosive 
ambients.  A  picture  of  the  svstem  is  given  in  Figure  1.  A  very  detailed  description  of  the  system  was 
recently  given  elsewheie.^^*  The  temperature  of  the  annealed  wafer  was  monitored  by  extended 
range,  double-header  pyrometer  sensing.  The  optical  signal  detected  from  the  wafer  emission  was 
adjusted  to  account  for  the  non-wafer  radiation  sources,  such  as  the  li^t  emitted  from  the  quartz 
isolation  tube  and  the  tungsten  halogen  heating  lamps. 

Hie  phosphorous  and  arsenic  overpressures  were  achieved  by  using  the  organometallic  li^id 
TBP  and  TBA,  respectively,  the  vapor  of  which  were  pumped  directly  into  the  low  pressure  chamber. 
Both  bubblers  were  held  at  10°C,  where  their  vapor  pressure  were  about  125  Torr  and  85  Torr, 
respectively.^**  Typical  flow  rates  for  TBP  and  TBA  were  kept  constant  at  100  and  200  seem, 
respectively,  using  a  unit  mass  flow  controller  (MFC),  to  provide  a  total  chamber  pressure  of  about 
50  mTorr  during  annealing  cycles  at  700-I000®C. 

Full  area  WSi,  layers  on  InP  were  patterned  with  AZ13S0J  photoresist  in  a  test  pattern 
containing  a  variety  of  openings,  tanging  in  a  size  of  1  to  50  pm.  The  WSi,  was  etched  in  a  pure  SF^ 
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discharee  contained  within  a  hybrid  Electron  Cyclotron  Resonance  (ECR)/Radio  Frequency  (RF) 
system.''**^  The  pressure  was  varied  from  1  to  35  mTorr,  the  SFg  flow  rate  was  held  constant  at 
30  seem,  and  the  microwave  power  was  fixed  at  ISOW. 

Residual  gas  analysis  (RCA)  of  the  chamber  ambient  through  annealing  was  carried  out  by 
means  of  a  Dycor  Quadrupole  Ametek  RCA  system.  The  analytical  examinations  involved  optical 
microscopy,  scanning  electron  microscopy  (SEM),  transmission  election  microscopy  (TCM), 
secondary-ion  mass  ^ctrometty  (SIMS),  and  Auger  electron  spectroscopy  (AES).  Film  sheet 
resistance  was  measured  by  a  conventional  four-point  probe. 


Fig.  1  Photograph  of  the  A.  G.  Associates  Heatpulse  CVD-8(X)™  system. 

m.  RESULTS  AND  DISCUSSION 

a.  InP  Annealing  Under  TBP  and  nN2  Ambient 

All  the  heat  treatments  were  carried  out  in  the  RT-LPMOCVD  reactor  chamber,  and  the  gases 
were  always  injected  into  a  S  x  10^  Torr  prepumped  atmosphere.  Since  the  system  was  load-locked, 
the  main  chamber  was  kept  relatively  dry  and  clean.  All  the  gases  were  introduced  into  the  chamber 
30  sec  prior  to  initiating  the  heating  cycle,  and  thus,  a  controlled  ambient  and  a  total  constant  (»essure 
were  achieved  prior  to  turning  on  the  lamps.  The  gas  flow  was  sharped  25  sec  after  the  lamps  were 
turned  off^,  providing  the  selected  ambient  as  Itmg  as  the  annealed  sample  temperature  was  above 
350°C.  Rgure  2  shows  a  typical  InP  annealing  parameter  plot,  for  heating  under  a  TBP  protective 
ambient.  This  plot  summarizes  all  the  treatmoit  variables,  such  as  the  wafer  temperaf:;,,  u»iidition 
of  each  of  the  mass  flow  controllers  (MFQ  through  the  various  annealing  st^  ana  overall 
chamber  pressure,  as  a  function  of  the  process  duration.  (This  gr^  was  produced  by  the  RT-CVD- 

800™  software  in  real  time,  and  thus  reflects  the  actual  response  of  th  -  ixessure,  temperature  and  the 
MFC  changes.)  Figure  2  represents  the  annealing  process  for  a  InP  wider  at  700”C  for  30  sec  under 
TBP  ambient  at  a  total  chamber  pressure  of  either  5  mTorr,  achieved  by  holding  the  TBP  bubbler  at  a 
constant  temperature  of  3°C.  or  50  mTorr  as  a  result  of  adjusting  the  TBP  bubbler  temperature  to 
I0”C.  In  both  cases,  the  TBP  vapor  flow  rate  was  100  seem.  Subsequent  to  the  controlled  ambient 
anneal,  the  chamber  was  purged  with  Nj  at  a  total  pressure  of  5J  Ton  in  order  to  remove  residues  of 
the  organometallic  .source  prior  to  unloading  the  samide  through  the  load-lock. 


T 


1512 


ICDS-16 


InP  WAFER  RMulOCVO  UNDER  TERTIARYBUTYLPHOSPHINE  (TBP> 
(CMjjjC-PHj 

(1)  T,bp  BUBBIER  =  3'C,PcHAMiEB  =  7S«'<>'*To(t.H.100sam 

(;)Ttbp  bubbler  •  10*C.PchambER*SO>«>'’'^<>"'R*  'OOlccm 


120 

TIME  (tec) 


to  5 

9 
B 
7 
6 
5 
4 
3 
2 
1 
0 


Fig.  2  RT-LPMOCVD  process  parameter  plot  of  annealing  at  700"C  for  30  sec  under  TBP, 
showing  the  temperature,  total  chamter  pressure  and  condition  of  TBP  and  N2  mass  flow 
controllers,  as  a  function  of  the  annealing  time. 

Other  samples  were  annealed  with  exactly  the  same  conditions,  using  a  N2  ambient  in  place  of 
the  TBP.  This  ^owed  for  a  comparison  between  the  process  efiiciency  and  wafer  surface  damage 
phenomena  while  annealing  under  either  a  protective  ambient  CTBP)  or  an  inert  gas  (N2). 

Figure  3  .shows  the  residual  gas  analyzer  spectra  during  the  annealing  of  InP  wafers  at  600”C 
and  total  pressure  of  1  x  10~^  Torr.  under  N2  ambient  ORg.  3a)  or  TBP  (Fig.  3b).  The  existence  of 
both  free  and  carbon<bonded  methyl  groups,  in  addition  to  the  large  peak  of  the  free  phoiqrhorus  in  the 
chamber  atmosphere  when  heated  under  the  TBP  ambient  (see  Fig.  3b),  may  reflect  an  efficient 
decomposition  of  the  metalloiganic  source  at  this  temperature. 


Fig.  3 


atomic  formula  weight 

Residual  gas  analyzer  spectra  during  low  pressure  RTA  cycles  at  temperatures  of  600”C 
and  pressure  of  I  x  KT"  Torr,  under  (a)  N2,  and  (b)  TBP  controlled  ambioit. 


> 

1 

-f- 


I 


% 


Materials  Science  Forum  vols.  83-87 


1513 


A  significant  and  very  clear  difference  between  the  surface  moij^Iogy  of  InP  wafers  that  were 
annealed  under  the  TBP  or  N2  ambient  was  observed  and  is  shown  in  the  following.  Thefoimergave 
degradatim-fiee  surfaces  for  hetuing  up  to  750®C  for  durations  as  long  as  30  sec.  At  7S0*C  the  first 
surfaM  pitting  was  observed.  InP  wafers  annealed  under  N2  ambient,  however,  suflered  severe 
deterioration  even  when  annealed  at  600®C  for  10  sec. 

In  order  to  emphasize  the  improvements  that  were  achieved  while  annealing  InP  under  a  1  BP 
ambient,  TEM  cross  sections  were  taken  from  a  variety  of  samples  that  were  annealed  under  both 
ambients,  figure  4  shows  TEM  cross  section  of  two  representative  InP  wafer  surfaces  after  annealing 
at  700®C  for  30  sec  under  N2  (Fig.  4a)  and  TBP  ^g.  4b)  ambients.  In  the  first,  pits  as  deep  and  as 
wide  as  3  to  S  pm  were  observed  at  very  hi^  density  over  the  surface.  In  the  second,  no  surface 
damage  was  observed. 


Rg.  4  TEM  cross  sectional  micrographs  of  InP  surfaces  after  low  pressure  RTA  at  (a)  600*C  for 
30  sec  under  N2  ambient,  and  (b)  700®C  for  30  sec  under  TBP  ambient,  both  at  pressure  of 
50  mTorr. 

b.  RTP  of  wSI/InP  Contacts  Under  TBP  and  nN2  Ambienls 

One  of  the  technology  needs  for  annealing  InP  surfaces  is  the  simultaneous  activation  of 
implanted  dopants  and  sintering  of  the  metal  contacts  in  self-aligned  devices.^^  It  is,  therefore, 
important  to  examine  the  influence  of  the  annealing  under  controlled  ambient  on  the  contaa  metal  of 
droice,  as  as  on  the  quality  of  the  semiconductor  in  the  neighborhood  of  the  metal  contact 
Lahav  et  al.,^  have  reported  on  extensive  pitting  at  the  periphery  of  refractory  gates  fttilowing  RTA 
of  self-aligned  GaAs  metal-semiconductor  field  effect  transistors.  We  have  observed  similar  effects 
during  RTA  of  WSia4S  metallized  gates  <m  GaAs  substraies.^'*"*’^ 

We  have  rf-diodc  ^tter  deposited  WSi,  ohmic  ctmtacts  onto  n-InP  substtates<^>  and 
subsequently  annealed  them  by  means  of  low  pressure  RTA  under  either  N2  or  TBP  ambient 
Rpre  5  shows  SEM  micrographs  of  WSi,  features  on  InP  after  RTA  at  600®C  for  10  sec  in  N2 
ambient  (Rg.  5a)  and  at  700*C  for  30  sec  at  TOP  ambient  (Rg.  5b).  As  was  discussed  earlier,  severe 
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InP  surface  damage  was  observed  by  eye  for  amealii^  under  N2  ambient  at  600*C  for  lOsec. 
tellecied  in  a  maciopittiitg  and  severe  d^radaiion  of  the  surfooe.  A  contndled  protection  of  die 
surface,  however,  was  obtained  tinder  TBP  at  preaures  as  tow  as  1  x  KT^Toir.  NO  pitting  was 
observed  in  the  InP  around  the  metallization  contact  as  n  result  of  RTA  under  TBP  ambient  at  700*C 
for  30  sec.  mid  the  InP  surface  preserves  iu  excellent  moiphology. 

In  addition,  some  interaction  occurred  a  the  metal  contact  edges  adjacent  to  the  semiconductor, 
while  annealing  under  a  Nj  ambient  (see  Fig.Sa).  This  type  of  reaction  was  not  observed  while 
annealing  under  a  similar  condition  with  TBP  ambi^  and  thus  metallurgical  analysis  was  performed 
in  Older  to  inqiea  the  difference  in  the  metal  film  quality  and  reactions  whkfa  were  indu^  by  the 
change  in  the  ambient  during  the  RTA. 


Hg.  S  SEM  micrographs  of  WSi,  contactt  on  biP  alter  the  sample  had  been  annealed  at  low 
pressure  at  (a)  dOO*C  for  10  sec  under  N2  ambient,  and  (b)700*C  for  30  sec  wider  TBP 
ambient 


Rgure  6  shows  the  sheet  lesisianoe  of  the  W$i,  him  as  a  function  the  RTA  temperature. . 
wafers  amealed  under  either  N2  or  TBP  wnbients.  The  coridaiion  between  the  sheet  resistance  and 
the  film  morpiiol^  and  microstnicture  evoiution  in  wafers  annealed  at  diffistent  temperatures  was 
given  elsewhere.^^  However,  a  n^igiUe  influence  of  the  RTP  ambim  on  these  characteristics  is 
wonhnoting.  Similv  sheet  lesistanoe  dam  measured  at  samples  diat  were  ameaied  for  10  sec  under 
eiiher  N2  or  TBP,  suggest  that  in  both  cases  the  ambient  was  inert  and  did  not  drive  and  surface  or 
bulk  reactions  in  the  films.  Oiie  can  see,  however,  that  by  extending  the  atmeiditif  duration  ac  650^ 
to  60  tec  under  TBP  ambient,  a  decrease  of  about  20  present  in  the  sheet  resistance  is  adiieved.  This 
may  residt  ftom  a  metal'Semiconductor  interaction  which  occurred  under  these  conditiont. 
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Fig.  6  Sheet  resistance  of  WSi,  contacts  on  InP  after  low  pressure  RTA  under  N2  and  TBP 
ambients,  as  function  of  the  annealing  temperature. 


IV.  SimiMARY 

The  use  of  the  organometallic  TBP  and  TBA  as  precursors  for  P  and  As,  within  a  RT- 
LPMOeVD  reactor,  enables  high  temperature  annealing  of  InP  and  GaAs  with  no  discernible  surface 
degradation.  The  TBP  and  TBA  provide  the  necessary  partial  pressure  for  the  group  V  without  the 
need  to  use  the  hazardous  PH3  or  AsHs  gases.  This  reduces  appreciably  the  risk  associated  with  the 
process,  and  indeed  enables  a  much  more  efficient  process  due  to  the  higher  decomposition  of  these 
organometallic  sources.  In  adduion  to  the  protective  role  of  TBP  during  annealing  InP,  it  was  found 
to  be  inert  to  WSi,  used  as  ohmic  contacts  for  self-aligned  InP-based  devices.  This  allows 
compatibility  between  the  semiconductor  annealing  under  a  protective  ambient  and  the  contact 
sintering  process. 
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THE  PROPERTIES  OF  INDIVIDUAL  Si/SiQj  DEFECTS 
AND  THEIR  LINK  TO  1/F  NOISE 
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ABSTRACT 

Fluctuations  in  the  occupancy  of  individual  Si02  defects  cause  telegraph  noise  in  submicron 
MOSFETs.  The  study  of  this  noise  has  allowed  the  measurement  of  defect  properties  such 
as  cross-section,  activation  energy  for  capture  and  entropy  change.  It  is  shown  that  the 
noise  in  large  MOSFETs  is  the  result  of  the  superposition  of  many  telegraph  signals  with 
the  1/f  spectral  shape  resulting  naturally  from  the  distribution  of  these  defect  properties. 
The  noise  is  demonstrated  to  be  due  to  ‘slow’  interface  states  rather  than  the  ‘fast’  states 
measured  by  conventional  CV  methods. 

1.  Introduction 

This  article  will  consider  the  origins  of  1/f  noise  in  one  particularly  useful  device  -  the 
silicon  MOSFET.  This  topic  is  of  importance  since  these  devices,  which  are  usually  thought 
of  as  digital  switches,  are  increasingly  satisfying  analogue  applications. 

The  microscopic  mechanism  which  generates  1/f  noise  has  been  the  subject  of  intense 
controversy  but  without  a  universally  held  consensus  emerging*'^.  However,  in  the  case  of 
the  MOSFET,  the  mechanism  and  origin  of  the  noise  has  become  clear  following  on  from 
the  observation  of  discrete  switching  in  device  conductance  due  to  individual  defects  in 
submicron  MOSFETs'''^.  These  random  telegraph  signals  (RTSs)  arise  because  the  device 
is  sufficiently  small  that  there  is  only  a  single  defect  active  in  the  device.  The  observation 
and  properties  of  RTSs  in  MOSFETs,  MIS  tunnel  diodes  and  many  other  systems  have 
been  recently  reviewed*^.  Here  I  will  attempt  to  summarise  our  knowledge  of  the  defects’ 
properties  and  highlight  the  major  unresolved  questions.  Section  3  will  show  how  our 
knowledge  of  the  microscopic  details  of  the  defects  is  begiiming  to  allow  a  more  accurate 
description  of  the  1/f  noise  in  large  devices.  I  will  also  show  how  the  defects  responsible 
for  the  noise  are  distinct  from  the  defects  normally  measured  by  conventional  CV 
techniques  on  MOS  capacitors. 

2.  RTS  Results 
2.1  Defect  Location 

The  first  observations  of  RTSs  in  MOSFETs  were  made  by  Ralls  et  al*,  and  in  their  original 
paper  they  observed  and  described  most  of  the  key  features  of  the  phenomenon.  RTSs  had 
been  observed  previously  in  many  other  systems  in  the  form  of  burst  noise®  but  little 
progress  had  been  made  in  their  understanding.  What  made  the  difference  was  that  the 
defects  in  Ralls  et  a/’s  MOSFET  lay  in  a  region  of  the  device  that  was  easily  modelled 
allowing  the  measurement  of  their  electrical  characteristics  to  be  performed  for  the  first 
time.  As  an  example,  figure  1  shows  the  gate  voltage  dependence  of  the  change  in  channel 
conductivity  of  an  n  channel  MOSFET  measured  at  room  temperature.  In  this  case,  the 
free  carriers  in  the  inversion  layer  are  electrons,  but  similar  observations  are  made  on  p 
channel  (hole)  devices'®"**  As  the  gate  voltage  and  hence  electron  concentration  was 
increased,  the  time  in  the  high  conductivity  state  fell  whereas  the  low  state  was  roughly 
constant  (or  increased  slightly).  This  behaviour  is  simply  explained  assuming  that  the 
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Figure  1.  RTSs  in  0,5/inix0,75Aim  MOSFET  Figure  2.  Band  bending  in  a  n  channel 
at  the  indicated  gate  voltages.  VD=4mV,  silicon  MOSFET  for  two  values  of  gate 
T = 293K  (Reference  5).  voltage  (Reference  6). 

defect  is  located  near  the  Si/SiOa  interface  with  occupancy  level  Ef  as  in  figure  2. 
Increasing  the  gate  voltage  changes  the  band  bending  and  increases  the  defect  occupancy. 
Hence  the  capture  time  of  an  electron  corresponds  to  the  time  in  the  up  state  in  figure  1 
and  involves  a  fall  in  conductivity  on  capture  in  this  case.  (This  assignment  was  elegantly 
proven  via  a  low  temperature  experiment  where  the  electron  temperature  was  raised  above 
that  of  the  lattice  using  the  source-drain  field‘l)  The  capture  and  emission  times  are  found 
to  be  exponentially  distributed  and  so  the  probability  of  capture  is  independent  of  time  and 
the  process  can  be  fully  described  by  the  mean  times  tq,  fE®’*'*-  Since  this  is  an  equilibrium 
measurement,  detailed  balance  requires  that: 

rc/rE  =  gexp[(BrEF)/kT]  (1) 

where  g  is  the  electronic  degeneracy  change  on  capture.  By  examining  the  rate  of  change 
of  the  measured  Ej  with  gate  voltage,  an  estimate  can  be  made  of  the  distance  of  the  trap 
from  the  inversion  layer:  since  the  deeper  the  defect  is  into  the  oxide,  the  faster  Bf  will 
change  with  It  is  found  that  the  traps  are  located  in  the  oxide  typically  within  3nm  of 
the  Si/Si02  interface  (with  some  provisos*).  This  gate  voltage  dependence  has  also  been 
used  to  demonstrate  that  only  single  electron  capture  is  involved  for  the  simple  two  level 
fluctuator  (TLF)  normally  observed*.  The  other  main  evidence  that  these  traps  are  oxide 
defects  is  that  TLFs  are  seen  in  the  MOS  tunnel  diodes  where  the  conductivity  modulation 
is  weighted  towards  traps  at  the  middle  of  the  thin  tunnel  oxide®.  If  the  traps  were  located 
at  the  interface  or  in  the  silicon,  no  signal  would  be  observed. 

Restle"  has  used  the  drain  voltage  dependence  of  Er  to  determine  the  location  of  the 
defect  between  source  and  drain.  He  showed  that  they  are  located  in  the  channel  and  are 
not  associated  with  the  source  or  drain  contacts.  Finally,  noise  measurements  as  a  function 
of  device  area  have  shown  that  the  defects  are  randomly  distributed  in  the  channel  and  are 
not  associated  with  the  edges  of  the  device*.  Thus  it  appears  that  the  defects  are 
characteristic  of  the  channel  thermal  oxide  and  we  can  use  simple  models  of  the  MOSFET 
to  determine  Ep  and  inversion  layer  number  density  n. 


2,2  Conductivity  Modulation 

The  first  major  feature  that  characterises  an  RTS  is  the  size  of  the  conductivity  step.  The 
RTS  gives  us  the  unique  ability  to  study  the  microscopic  effect  of  changing  the  charge 
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state  of  a  single  defect.  In  principle,  it  also  gives  a  microscopic  probe  into  the  electron 
transport  in  the  silicon. 

The  effect  of  trapping  an  electron  will  be  to  influence  the  conductivity  in  two  ways:  first,  it 
will  lower  the  local  electron  concentration  and  second,  it  will  change  the  scattering 
producing  a  mobility  change.  Many  groups  have  now  calculated  the  change  in  number 
density  which  leads  to  an  expression  of  the  form^"*’** 

^  ^  ^  ;  R  =  =  ;8qn _  (2) 

Id  An  iNj  Cqx  +  Cj)  +  Cjx  +^tin 

where  p=kT/q,  A  is  the  channel  area,  n  is  the  inversion  layer  areal  number  density,  Cox. 
Crr  and  Co  are  the  oxide,  interface  state  and  depletion  layer  capacitances  per  unit  area  and 
Nt  is  the  areal  density  of  active  RTS  generating  traps.  R  is  a  measure  of  the  efficiency  of 
coupling  of  the  trap  to  the  inversion  layer**.  This  expression  for  Alp/Io  has  two  limits:  At 
high  inversion  layer  concentrations,  the  trap  is  fully  screened  by  the  inversion  layer,  so  1 
electron  is  removed  from  the  channel  on  capture  so  AlD/lD=l/(An)  and  R=l.  At  low 
concentrations  (roughly  corresponding  to  below  the  threshold  voltage),  there  are 
insufficient  carriers  to  screen,  so  the  image  charge  resides  on  the  gate.  This  means  that 
there  is  a  constant  area  of  the  channel  affected  by  the  Coulomb  field  of  the  defect  and 
hence  aIu/Id= constant. 


This  transition  from  a  gate  voltage  independent  amplitude  at  low  n  to  a  1/n  variation  at 
high  gate  voltage  is  seen,  but  superimposed  on  this  all  workers  observe  a  wide  variation  in 
amplitudes.  Figure  3  shows  at  low  concentrations,  the  amplitude  could  be  nearly  a  factor  of 
10  above  or  below  the  prediction  of  equation  2  whereas  at  high  concentration,  the  scatter  is 
much  smaller  (figure  3  is  a  corrected  version  of  figure  15  in  reference  6  in  which  part  of  the 
data  had  a  scaling  error).  At  room  temperature,  the  conductivity  is  always  observed  to  fall 
on  capture  indicating  that  the  median  effect  is  described  by  the  number  fluctuation 
expression  of  equation  2  -  the  problem  is  to  explain  the  variation. 

Hung  et  al^’’  have  considered  the  effect  of  the  change  in  scattering  on  capture  in  a 
phenomenological  way  that  has  proved  useful  for  the  modelling  of  noise.  They  noted  that 
the  current  change  will  have  a  correlated  mobility  change,  as  well  as  the  number  density 
change  already  discussed,  that  is  given  by 

^  =  1  f  (3) 

Ip  A  [  n  6N-r  /i  5Nx  j 


Using  Mattheisen’s  rule  they  separated  the  mobility  into  two  parts  l//i  =  1/po  +  oNj 
where  oNt  is  the  part  limited  by  oxide  charge  scattering  where  a  is  expected  to  be  a 
function  of  gate  voltage.  Hence: 


Alp  _  f  ^ 

Id  1  nA  a 


(4) 


They  find  values  of  a  that  are  both  positive  and  negative,  corresponding  to  the  observation 
of  amplitudes  lying  both  above  and  below  the  value  predicted  by  (2),  and  have  suggested 
that  they  can  be  explained  by  the  presence  of  both  acceptors  and  donors.  However,  at 
room  temperature,  all  traps  that  have  been  observed  show  a  fall  in  conductivity  on  capture, 
with  a  distribution  of  amplitudes  at  each  value  of  gate  voltage  that  is  roughly  log  normal*. 
A  simple  Coulomb  model  of  donors  and  acceptors  would  result  in  distributions  that  are 
bimodal  or  symmetrical  in  deviation  from  the  value  given  by  (2)  and  certainly  could  not 
explain  the  largest  amplitudes  observed. 
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Figure  3.  RTS  amplitudes  in  several 
MOSFETs  from  the  same  wafer.  The 
dashed  lines  correspond  to  the  amplitude 
below  which  0, 25, 50, 75, 100%  of  RTSs  fell. 
The  full  line  is  the  fit  to  (2). 


Figure  4.  Schematic  configuration 
co-ordinate  diagram  for  a  RTS  generating 
defect. 


The  study  of  complex  RTSs  (section  2.3)  has  provided  a  pointer  to  a  possible  explanation. 
Some  multilevel  RTSs  exhibit  behaviour  that  is  most  simply  explained  by  a  change  in 
conductivity  arising  without  a  change  in  charge  state“.  The  suggestion  was  made  that  the 
distribution  in  amplitudes  as  well  as  the  behaviour  of  these  complex  defects  arose  as  a 
result  of  a  local  interference  mechanism  from  anisotropic  scattering  centres*^  In  metals, 
such  a  mechanism  can  cause  large  scattering  cross-sections.  At  present,  a  detailed 
microscopic  model  to  explain  the  size  of  the  scattering  term  or  its  variation  from  trap  to 
trap  does  not  exist. 

At  temperatures  of  lOOK  or  less,  a  few  traps  show  the  reverse  sign  of  the  change  in 
conductivity  on  capture  ie  the  conductivity  increases  on  capture^’“.  This  makes  it  clear  that 
the  scattering  is  dominant  in  this  regime.  At  4.2K,  the  effect  of  capturing  an  electron  is  to 
change  the  quantum  interference  that  occurs  over  a  length  of  order  the  inelastic  scattering 
length.  This  results  in  an  uncertainty  in  the  size  of  the  conductivity  change  as  a  result  of 
universal  conductance  fluctuations,  that  can  be  directly  observed  in  multiprobe 
MOSFETs". 


2.3  Capture  Kinetics 

Unlike  any  other  technique,  the  capture  and  emission  times  can  be  determined 
simultaneously  and  with  the  trap  in  true  equilibrium.  This  has  allowed  detailed 
measurements  of  the  capture  kinetics  to  be  made.  The  original  liquid  helium 
measurements  of  Ralls  et  al  showed  that  both  the  capture  and  emission  times  were 
activated.  This  observation  was  repeated  for  defects  observable  near  room  temperature^. 
Since  the  traps  were  located  at  distances  of  only  about  2nm  from  the  surface  and  the 
activation  energies  were  in  the  meV  range,  Ralls  et  al  argued  that  the  capture  activation 
energy  could  not  be  due  to  thermionic  emission  over  a  barrier  since  tunnelling  through  the 
barrier  should  dominate.  They  suggested  that  the  activation  energy  is  associated  with 
lattice  relaxation.  (This  view  is  not  shared  by  Karmann  and  Schulz"  who  argue  that  there 
may  be  special  properties  of  the  final  state  that  prevent  this  tunnel  process.)  A  schematic 


Materials  Science  Forum  vols.  83-87 


1523 


configuration  coordinate  diagram  for  the  defect  analogous  to  those  developed  for  deep 
levels  in  semiconductors^  is  shown  in  figure  4,  where  the  electronic  free  energy  +  defect 
elastic  energy  is  plotted  against  a  normal  coordinate  of  the  defect.  The  only  difference 
from  the  bulk  semiconductor  diagram  is  that  the  defect  is  displaced  from  the  inversion 
layer  containing  the  free  electrons.  Capture  consists  of  starting  at  curve  A  with  an  empty 
defect  and  an  electron  at  the  Fermi  level.  Placing  a  free  electron  in  the  conduction  band 
takes  us  to  curve  B.  At  the  crossover  point  of  curves  B  and  C,  after  supplying  Eg  in  lattice 
energy,  the  electron  can  make  an  off-diagonal  non-radiative  transition  to  occupy  the  defect 
before  relaxing  by  multi-phonon  emission  to  state  C. 

The  analysis  of  data  has  been  based  on  the  simplified  expression^'*: 

l/fc  =  nvff  =  nv<7oexp[-EB/kT]  (5) 

where  v  is  the  thermal  velocity  and  a  an  activated  capture  cross-section.  Interestingly,  we 
have  two  independent  measures  of  the  cross-section  since  detailed  balance  (equation  1) 
allows  us  to  use  rg  to  make  an  estimate  as  well. 

l/re  =  T^exp[(EB+Ecr)/kT]/(aon,)  (6) 

where  E^r  is  the  free  energy  difference  between  the  occupied  trap  level  and  the  conduction 
band  edge  in  the  inversion  layer  and  >;  is  a  constant  related  to  the  dimensions  of  the  device 
and  the  silicon  density  of  states.  Typically  these  two  estimates  of  oq  are  found  to  differ  by  1 
to  2  orders  of  magnitude,  or  equivalently,  the  trap  energy  level  is  incorrectly  placed 
sufficiently  far  below  the  Fermi  level  that  the  defect  would  always  be  full. 

The  answer  to  this  problem  lay  in  the  work  of  Engstrom  and  Alm^  who  noted  that  in 
thermal  experiments,  it  is  the  Gibbs  free  energy  changes  that  are  measured  and  so  the  trap 
location  relative  to  the  conduction  band  can  be  expressed  as: 

Ecr  =  Hcr-TaS  (7) 

where  Her  is  the  trap  enthalpy  difference  between  the  trap  level  and  the  conduction  band 

and  aS  is  the  entropy  change  on  emission  of  an  electon.  Thus  the  slope  of  the  Arrhenius 

plot  of  te  gives  the  trap  enthalpy  change  Her  and  the  combination  of  the  intercepts  of  rg 
and  Tc  give  the  entropy  change  on  capture. 

In  measurements  on  n  and  p  channel  devices  around  room  temperature*'’^  every  defect 
was  found  to  be  different.  Values  of  Eb  normally  lay  in  the  range  O.leV  -  0.7eV  and  ao  in 
the  range  lO'^m^  -  10”ml  There  is  obviously  some  correlation  between  these  values  via 
equation  (5)  since  capture  and  emission  times  could  only  be  observed  in  a  limited 
measurement  time  window  of  about  lO^s  -  100s.  Hence  only  a  part  of  the  overall 
distribution  of  defects  can  be  accessed.  These  values  of  oq  and  Eb  are  quite  consistent  with 
the  model  of  the  defects  lying  in  the  oxide  close  to  the  surface  where  ao  would  represent  the 
tunnelling  process  to  the  defect  at  a  range  of  distances  and  Eb  the  distortion  necessary  to 
ensure  cross-over.  The  wide  range  of  Eb  would  result  from  the  amorphous  environment. 

The  kinetics  related  parameters  in  references  6  and  12  (ao.  Eg,  aS)  were  evaluated  at  fixed 
gate  voltage  with  varying  T.  In  practice,  these  parameters  can  vary  strongly  particularly 
near  the  MOSFET  threshold  voltage*'^. 

Perhaps  the  most  surprising  observation  for  the  conventional  TLF  is  the  size  and  sign  of  the 
entropy  change  inferred  from  the  temperature  dependence  of  the  trap  capture  and 
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emission  times‘d.  This  is  found  to  be  large  and  positive  for  emission  of  electrons  to  the 
conduction  band  in  n  channel  MOSFETs  (1.5  -  11.8k),  but  it  is  also  large  and  positive  for 
the  emission  of  holes  to  the  valence  band  in  p  channel  MOSFETs  (3.8  -  12.9k),  If  the  same 
defect  occupancy  level  were  involved  in  both  processes,  then  taking  an  electron  from  the 
valence  band  to  the  conduction  band  via  such  a  trap  would  result  in  a  total  aS  of  5-20k,  far 
exceeding  the  electron-hole  creation  entropy  of  2.7k.  The  most  obvious  contribution  to 
such  an  entropy  change  comes  from  the  change  in  defect  degeneracy  due  to  symmetry 
changes  and  spin  giving  rise  to  at  most  AS=k  loge(4)  =  1.4k.  The  next  contribution  comes 
from  the  change  in  the  local  phonon  density  of  states  which  might  be  expected  to  be 
positive  for  acceptors  (donors)  communicating  with  the  conduction  band  (valence  band). 
This  would  arise  since  in  both  cases,  emission  would  change  the  defect  from  a  charged  to  a 
neutral  state  thus  allowing  some  lattice  softening.  The  size  of  this  effect  has  been  argued  to 
be  approximately  equal  to  the  entropy  change  for  creation  of  an  electron/hole  pair®.  I  am 
not  aware  of  any  calculations  for  this  property  in  Si02,  let  alone  for  the  complex 
heterostructure  with  which  we  are  dealing,  but  for  defects  in  bulk  semiconductors  values  of 
3-6k  are  found*. 

These  contributions  are  not  large  enough  to  account  for  the  measured  values  of  up  to  12k 
(even  with  a  possible  systematic  error  of  up  to  2k  due  to  uncertainty  in  the  measurement  of 
the  band  bending).  In  addition,  to  explain  the  sign  would  require  that  all  the  oxide  states 
observed  near  the  conduction  band  are  acceptors,  whereas  they  would  all  have  to  be  donors 
near  the  valence  band.  Since  the  defects  are  actually  located  within  the  9eV  gap  of  the 
SiOj,  it  seems  unlikely  that  these  defect  energy  levels  should  fortuitously  line  up  with  the 
silicon  bandgap,  unless  the  defects  are  in  some  way  tied  to  the  silicon  bandedges. 
Alternatively,  there  may  be  a  single  defect  type  and  an  additional  source  of  entropy  change 
that  we  have  not  considered  associated  with  the  transfer  of  an  electron  (or  hole)  between 
the  dramatically  different  mediums  of  silicon  and  SiOj. 


2.4  Complex  RTSs 

The  vast  majority  of  signals  show  the  simple  behaviour  shown  in  figure  1,  but  a  small 
proportion  show  far  more  complex  behaviour  (4%  in  ^*).  These  include  the  signal 
modulated  by  another  RTS,  3  levels,  4  levels,  giant  steps  and  others’’*'”'*^’^’.  Some  signals 
are  most  easily  interpreted  in  terms  of  multielectron  capture.  It  '-  as  shown  using  a 
simulation,  that  complex  signals  could  not  arise  by  the  Coulombic  interaction  of  randomly 
distributed  defects  -  the  observed  incidence  was  far  too  high^‘.  Since  every  signal  is 
different,  of  necessity  every  signal  has  required  the  development  of  a  new  model.  The 
signals  have  been  explained  in  terms  of  Coulombic  or  strain  mediated  coupling  within  a 
cluster  of  defects  or  by  defect  re-configuration  within  a  set  of  metastable  configurations  of 
the  defects.  At  present,  it  has  not  been  clearly  demonstrated  what  the  microscopic  origin  of 
the  effects  is. 


3.  RTS  Ensemble  Measurements 
3.1 1/f  Noise  Measurements 

Flicker  noise  in  MOSFETs  has  been  studied  for  decades,  but  despite  this  intensive  effort 
there  has  been  no  universally  agreed  model  that  explains  all  the  observations.  The  primary 
aspect  that  has  to  be  explained  is  the  observation  of  a  noise  power  spectral  density  that  has 
a  power  of  1/f  ^’’er  at  least  10  decades  in  frequency.  There  have  been  two  distinct 
approaches.  TTie  f  was  based  on  number  fluctuations  due  to  trapping  in  the  near  surface 


Materials  Science  Forum  vols.  83-87 


1525 


J  (Hz)  j  (Hz)  j  (Hz) 


Figure  5.  Noise  power  in  n  channel  MOSFETs  for  Vg=2V  and  T=293K.  (a)  Three 
devices  of  area  350/im^.  (b)  Three  devices  of  area  15/im^.  (c)  Three  devices  of  area  0.4/im^ 
(Reference  5). 


interface  states,  with  the  range  in  time  constants  resulting  from  a  range  in  tunnelling 
distance^.  The  second  model  holds  that  the  phenomenon  is  associated  with  a  fluctuation  in 
the  bulk  mobility  via  a  fluctuation  in  the  phonon  population^ 

The  availability  of  submicron  MOSFETs  was  finally  able  to  provide  the  evidence  that  the 
1/f  noise  was  a  defect  related  phenomenon.  This  is  illustrated  in  figure  5  which  shows  how 
1/f  noise  scales  with  device  channel  area*.  In  figure  5a,  the  noise  power  is  plotted  against 
frequency  for  3  large  MOSFETs  and  follows  a  1/f  law  with  little  variation  between  devices. 
As  the  noise  is  measured  in  successively  smaller  devices,  the  variation  from  device  to 
device  becomes  more  extreme,  culminating  in  figure  5c  which  is  for  0.5Mmx0.75/im  devices. 
The  noise  has  been  reduced  to  the  sum  of  1  or  2  Lorentzian  spectra  in  each  device.  Since 
the  Lxirentzian  is  the  Fourier  transform  of  the  RTSs  we  have  discussed  in  section  2,  it  is 
apparent  that  the  noise  results  from  the  superposition  of  many  RTSs.  Hence  the  1/f  noise 
is  of  trap  origin  and  is  not  a  bulk  mobility  effect. 

Since  we  have  established  that  the  RTSs  result  in  the  1/f  noise,  the  next  question  that 
requires  examination  is  what  particular  property  of  the  defects  is  it  that  leads  to  a  1/f 
spectrum?  To  obtain  a  1/f  spectrum  requires  a  uniform  distribution  of  trap  time  constants 
on  a  log  time  scale.  Hence  the  number  of  traps  per  unit  time  interval  with  trap  time 
constant  between  r  and  r+dr  is  proportional  to  l/r.  Since  the  noise  power  from  a  RTS  is 
maximum  when  the  capture  time  equals  the  emission  time,  the  time  constant  for  each  trap 
will  be  determined  according  to  (5).  At  each  value  of  gate  voltage,  the  trap  time  constant  is 
determined  by  both  oq  and  Eb,  both  of  which  show  a  wide  distribution  of  values. 
Unfortunately,  the  measurement  of  the  true  distributions  of  og  and  Eb  requires  the  detailed 
analysis  of  many  RTSs  and  is  a  task  that  is  not  particularly  easy  to  fully  automate.  The 
result  is  that  only  about  a  dozen  traps  have  been  measured  under  conditions  that  allow 
comparison*.  Based  on  this  small  n  channel  room  temperature  dataset,  it  appears  that  Eb  is 
fairly  uniformly  distributed  in  energy  in  the  range  O.lSeV  to  0.7eV  and  log(ao)  is  also 
uniformly  distributed.  Such  a  distribution  in  either  parameter  will  lead  to  a  uniform 
distribution  of  r  in  log  time  and  hence  1/f  nose.  The  combination  of  the  two  distributions* 
leads  to  a  spectrum  that  is  not  1/f  but  is  in  practice  indistinguishable  from  1/f, 

Traditional  number  fluctuation  models  of  1/f  noise  have  assumed  that  the  time  constant 
dispersion  arises  purely  from  the  distribution  in  oq  associated  with  the  tunnelling  to  traps  at 
a  range  of  distances  ie  og  <*  exp(-2»cx)  where  #c  is  related  to  the  height  of  the  oxide  barrier 
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and  is  of  order  lOnm"'  for  n  channel  MOSFETs.  To  obtain  a  1/f  spectrum  requires  that  the 
density  of  traps  in  the  oxide  is  uniform  with  distance  on  a  length  scale  >  >  !/«.  Summing 
over  all  the  states,  assuming  that  the  density  of  states  Nx(Ep)  varies  only  slowly  with  Ep, 
gives  the  noise  power  spectral  density  for  the  trap  fluctuation  in  occupancy** 


Sn  = 


N-r(EF)kTA 


(8) 


As  we  have  seen,  the  real  distribution  of  time  constants  is  the  result  of  the  convolution  of 
two  distributions.  Hence  any  estimate  of  Nt(Ep)  based  on  (8)  will  be  an  underestimate  of 
the  true  value  of  Nx(Ep). 


The  next  problem  is  to  relate  the  fluctuation  in  trap  occupation  to  the  noise  measured  in 
the  current  flowing  through  the  MOSFET.  Using  the  measured  distributions  of  amplitude 
(as  well  as  the  measured  distributions  of  oq  and  Eg),  the  noise  was  simulated  and  gave  good 
agreement  with  the  actual  noise  measured  in  a  large  device*.  However,  although  this  gives 
confidence  that  the  approach  is  valid,  it  is  not  particularly  useful  for  interpreting  noise 
measurements  where  an  analytic  approach  is  desired.  In  the  number  fluctuation  model, 
equation  (8)  was  related  to  the  current  change  in  the  device  assuming  all  the  RTSs  have  the 
same  amplitude  at  each  value  of  n  given  by  (2).  This  approach  was  very  successful  in 
predicting  and  explaining  the  fact  that  the  noise  power  in  the  device  current  was  constant  at 
low  n  and  fell  at  high  concentrations'*.  However,  it  failed  to  describe  the  behaviour 
accurately  above  threshold  voltage**. 

Recently,  Hung  et  a/*®'*®  have  developed  a  ‘unified  model’  based  on  (4)  that  improves  the 
modelling  of  the  amplitude  change  by  incorporating  the  mobility  in  an  empirical  way. 
Hence  the  noise  power  in  the  drain  current  (for  low  drain  bias)  is  given  by 

Si  =  [  ^  (R+«i*n)  ]  Sn 

They  find  that  (9)  can  successfully  explain  many  of  the  observations  that  were  used  to 
support  the  mobility  fluctuation  model  even  with  the  approximation  that  a = constant. 
From  a  microscopic  point  of  view,  the  noise  measured  in  the  device  results  from  the  sum  of 
all  the  RTSs,  but  is  weighted  towards  the  largest  amplitude  signals  due  to  the  rough 
log-normal  distribution  of  amplitudes.  Presumably,  the  extra  degree  of  freedom  provided 
by  the  parameter  a^n  gives  a  reasonable  description  of  how  the  weighted  distribution  in 
trap  amplitudes  changes  with  gate  voltage. 

If  a(n)  were  known  accurately,  then  it  would  be  possible  to  determine  the  density  of  1/f 
noise  generating  traps  from  measurements  of  the  noise  as  a  function  of  gate  voltage.  On 
the  assumption  that  there  is  not  an  enormous  variation  in  a  and  that  the  size  of  the  mobility 
related  term  is  not  enormous,  then  an  effective  trap  density  can  be  extracted  from  the  data 
-  essentially  using  the  conventional  number  density  fluctuation  model.  Based  on  the 
measurement  of  RTS  amplitudes  shown  in  figure  3,  where  the  median  amplitude  follows 
the  number  fluctuation  prediction,  this  approach  should  give  the  density  of  states  to  better 
than  an  order  of  magnitude.  It  has  been  found  that  the  inferred  density  of  states  varies 
between  device  manufacturing  processes,  often  rising  rapidly  towards  the  conduction  band 
edge**’**”.  This  rise  can  be  more  than  an  order  of  magnitude  in  size  and  hence  is  almost 
certainly  real. 
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Figure  6.  Equivalent  silicon  parallel 
conductance  for  unbiased  electron  beam 
irradiated  n  type  MOS  capacitor. 
A=6.97xlO‘W. 


3.2  Relation  to  Conventional  Interface  State  Measurements 

Up  to  this  point,  we  have  discussed  the  Rl^  generating  traps  as  if  they  are  conventional 
Si/Si02  interface  states.  Over  the  years,  there  has  been  considerable  confusion 
surrounding  this  question.  At  least  as  far  back  as  1972,  Fu  and  Sah  made  a  clear  distinction 
between  ‘slow’  states  that  reside  in  the  oxide  and  communicate  with  the  silicon  by 
tunnelling  s'^d  ‘fast’  states  that  reside  at  the  interface^.  But  many  others  have  not  made 
this  distinction  and  have  compared  the  densities  of  interface  states  inferred  from 
capacitance-voltage  or  charge  pumping  techniques  with  those  obtained  from  1/f  noise.  Let 
us  consider  the  evidence  from  the  CV  approach. 

Most  of  the  characterisation  of  interface  states  has  been  carried  out  using  capacitors  via  the 
high-low  frequency  CV  technique  which  measures  the  total  number  of  states  through  a 
measurement  of  the  interface  state  capacitance.  More  detailed  information  is  provided  by 
the  conductance  technique  which  measures  the  loss  (AC  conductance)  in  the  capacitor  as  a 
function  of  frequency^.  For  a  discrete  defect  level  located  at  the  Fermi  level,  the  silicon 
conductance  (compensating  for  the  oxide  capacitance)  is  given  by 

Gp/w  =  Ciwr[l  +  (wr)*]'*  (10) 

where  1/r  =<;vn  and  Q  is  the  interface  trap  capacitance.  This  expression  is  similar  to  the 
Lorentzian  that  describes  the  noise  from  an  RTS  with  tc=te-  As  with  the  noise 
measurements,  a  full  conductance  curve  is  formed  by  summing  over  a  distribution  of  trap 
energy  levels  and  cross-sections. 

Until  recently,  the  conductance  data  were  always  found  to  show  states  distributed 
throughout  the  bandgap  but  with  a  single  peak  as  a  function  of  frequency.  This  implied 
that  all  the  interface  states  have  a  single  characteristic  capture  cross-section.  TTiis  result  is 
quite  incompatible  with  these  states  being  those  responsible  for  the  1/f  noise  since  they 
have  a  wide  range  of  cross-sections.  More  recent  conductance  measurements*  made 
measurements  over  a  far  wider  frequency  range  and  an  example  is  shown  in  Hgure  6.  At 
high  frequency,  a  peak  is  found  with  a  single  broadened  cross-section  of  around  10‘'’m* 
characteristic  of  the  true  ‘fast’  Si/SiOa  interface  states.  On  the  low  frequenq^  side  of  the 
peak  are  the  ‘slow’  states  which  had  not  been  previously  noticed  (similar  results  have  been 
found  from  DLTS^’).  The  constant  conductance  as  a  function  of  log  frequency  corresponds 
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Figure  7.  Defect  density  of  states  for  n  type  MOS  capacitors  subjected  to  the  indicated 
electron  beam  irradiation  with  Vg=0.  (a)  ‘Fast’  state  density,  (b)  ‘Slow’  state  areal  density. 


to  exactly  the  distribution  that  results  in  1/f  noise.  The  density  of  ‘slow’  states  Nt(Ef) 
inferred  from  the  plateau  height  is  also  found  to  be  quite  consistent  with  the  values  of 
Nt(Ef)  recovered  from  noise  measurements*. 

CV  measurements  principally  measure  only  the  fast  states,  so  any  correlation  between  the 
fast  state  density  Dn-  and  the  slow  state  density  is  purely  coincidental.  Figure  7  gives  the 
result  of  a  conductance  measurement  of  both  fast  and  slow  state  densities  before  and  after 
radiation  damage  to  a  set  of  capacitors.  It  is  apparent  that  for  both  classes  of  defect  the 
increase  in  defect  density  is  proportional  to  the  dose,  but  the  energetic  distribution  is  quite 
different. 


4.  Conclusions 

The  individual  defects  in  MOSFETs  responsible  for  the  RTSs  are  located  in  the  oxide  in 
the  near  interfacial  oxide  region  with  each  one  showing  a  different  set  of  electrical 
properties.  They  all  show  lattice  relaxation  and  a  large  entropy  change  on  capture  and 
have  a  range  of  capture  cross-sections  less  than  or  equal  to  the  cross-section  of  the  ‘fast’ 
interface  states.  The  size  of  the  entropy  change  is  too  large  to  be  accounted  for  by  lattice 
softening  and  some  other  contribution  must  be  present.  The  other  main  puzzle  is  the 
distribution  in  size  of  the  conductivity  change  which  cannot  be  easily  explained  by  si.-nple 
Coulomb  scattering.  The  actual  chemical  nature  of  the  defects  is  unknown,  but  a  clue  has 
been  offered  by  the  observation  that  the  pre-irradiation  1/f  noise  is  correlated  with 
post-irradiation  fixed  oxide  charge^.  Since  it  seems  fairly  clear  that  this  positive  charge  is 
associated  with  the  E’  centres,  the  1/f  noise  and  hence  the  RTSs  may  be  related  to  the  E’ 
precursor  -  normally  taken  to  be  an  oxygen  vacancy. 

The  1/f  noise  has  been  clearly  shown  to  be  due  to  the  superposition  of  noise  from  the  ‘slow’ 
interface  states  responsible  for  RTSs.  The  understanding  of  the  defect  properties  that  have 
emerged  from  the  study  of  RTSs  are  now  beginning  to  be  used  to  develop  more  accurate 
and  realistic  models  of  the  1/f  noise  in  MOSFETs.  However,  a  key  conclusion  of  this  work 
is  that  the  form  of  the  measured  1/f  spectrum  is  very  insensitive  to  the  details  of  the 
distribution  of  trap  properties.  Hence  the  use  of  noise  measurements  to  carry  out  the 
reverse  procedure  and  infer  trap  properties  is  fraught  with  danger. 


Materials  Science  Forum  vois.  83-87 


1529 


This  article  would  not  have  been  possible  without  my  collaborators  M.  J.  Kirton,  S. 
Collins  and  D.  H.  Cobdei.  i  pleasure  to  acknowledge  useful  discussions  with  M. 
Andersson,  O.  Engstrom,  K.  .v.  mer  and  M.  Schulz. 


REFERENCES 

1.  F.  N.  Hooge,  T.  G.  M.  Kleinpenning  and  L.  K.  J.  Vandamme,  Rep.  Prog.  Phys.,  M  479 

(1981). 

2.  M.  B.  Weissman,  Rev.  Mod.  Phys.,  6Q  537  (1988). 

3.  C.  M.  Van  Vliet,  Sol.  State.  Elec.,  24  1  (1991). 

4.  K.  S.  Ralls  et  al,  Phys.  Rev.  Lett.,  52  228  (1984). 

5.  M.  J.  Uren,  D.  J.  Day  and  M.  J.  Kirton,  Appl.  Phys.  Lett.,  ^  1195  (1985). 

6.  M.  J.  Kirton  and  M.  J.  Uren,  Adv.  in  Phys.,  28  367  (1989). 

7.  M.  J.  Kirton  et  al,  Semicond.  Sci.  Techno!.,  4  1116  (1989). 

8.  K.  R.  Farmer  in  Proc.  of  INFOS,  eds,  W.  Eccleston  and  M.  J.  Uren,  (Adam  Hilger, 

Bristol,  UK,  1991). 

9.  M.  J.  Buckingham,  Noise  in  Electronic  Devices  and  Systems,  (Ellis  Horwood, 

Chichester,  UK,  1983). 

10.  A.  Karwath  and  M.  Schulz,  Appl.  Phys.  Lett.,  52  634  (1988). 

11.  P.  J.  Restle,  Appl.  Phys.  Lett.,  52 1862  (1988). 

12.  D.  H.  Cobden,  M.  J.  Uren  and  M.  J.  Kirton,  Appl.  Phys,  Lett.,  56  1245  (1990). 

13.  L.  D.  Jackel  et  al  in  Proc.  of  the  17th  Int.  Conf  on  the  Physics  of  Semiconductors, 

ed.  D.  J.  Chadi  and  W.  A.  Harrison  (Springer,  New  York,  USA,  1985). 

14.  A.  Ohata  et  al,  J.  Appl.  Phys.,  68  200  (19W). 

15.  H.  Nakamura  et  al,  Jap.  J.  Appl.  Phys.,  28 1^057  (1989), 

16.  G.  Reimbold,  IEEE  Trans.  Elec.  Dev.,  ED31  1190  (1984). 

17.  K.  K.  Hung  et  al,  IEEE  Elec.  Dev.  Lett.,  11 90  (1990). 

18.  K.  K.  Hung  et  al,  IEEE  Trans.  Elec.  Dev.,  ED37  654  (1990). 

19.  K.  K.  Hung  et  al,  IEEE  Trans.  Elec.  Dev.,  ED37  1323  (1990). 

20.  M.  J.  Uren  and  M.  J.  Kirton,  Appl.  Surf.  &i.,  22  479  (1989). 

21.  J.  Pelz  and  J.  Clarke,  Phys.  Rev.,  226  4479  (1987). 

22.  M.  Schulz  and  A.  Karmann,  Appl.  Phys.  A,  2  104  (1991). 

23.  W.  Skocpol  in  Physics  and  Fabrication  of  Microstructures,  ed.  M.  Kelly  and  Weissbuch 

(Springer  Verlag,  1986). 

24.  M.  J.  Kirton  and  M.  J.  Uren,  Appl.  Phys.  Lett.,  4S  1270  ( 1986). 

25.  A.  Karmann  and  M.  Schulz,  Appl.  Surf.  Sci.,  22  500  (1989). 

26.  M.  Jaros,  Deep  Levels  in  Semiconductors,  (Adam  Hilger,  Bristol,  UK,  1982). 

27. 0.  Engstrom  and  A.  Aim,  J.  Appl.  Phys.,  54  5240  (1983). 

28.  M.  J.  Kirton,  M.  J.  Uren  and  S.  Collins  in  The  Physics  and  Chemistry  of  SiOi  cmd  the 

Si-SiCz  Interface,  ed.  C.  R.  Helms  and  B.  E.  Deal  (Plenum,  New  York,  USA,  1988). 

29.  J.  A.  Van  Vechten  and  C.  D.  Thurmond,  Phys.  Rev.,  214  3539  (1976). 

30.  H.  M.  Branz  and  R.  S.  Crandall.  Appl.  Phys.  Utt.,  55  2634  (1989). 

31.  M.  J.  Uren,  M.  J.  Kirton  and  S.  Collire*.  Phys.  Rev.,  222  8346  (1988). 

32.  A.  L  McWhorter  in  Semiconductor  Surface  Physics,  ed.  R.  H.  Kingston  (Univ.  of 

Pennjjylvania,  Philadelpia,  USA,  1957). 

33.  H.  Mikoshiba,  IEEE  Trans.  Elec.  Dev.,  £1222  965  (1982). 

34.  H-S.  Fu  and  C-T.  Sah,  IEEE  Trans.  Elec.  Dev.,  ED19  273  (1972). 

35.  E.  H.  Nicollian  and  J.  R.  Brews,  MOS  Physics  and  Technology,  (Wiley.  New  York. 


1530 


/CDS' 16 


36.  M.  J.  Uren,  S.  Collins  and  M.  J.  Kirton,  Appl.  Phys.  Lett.,  1448  (1989). 

37.  H.  Lakhdari,  D.  Vuillaume  and  J.  C.  Bourgoin,  Phys.  Rev.  22S  13124  (1988). 

38.  D.  M.  Fleetwood  and  J.  H.  Scofield,  Phys.  Rev.  Lett.,  M  579  (1990). 

©  British  Crown  Copyright  1991/MOD 
Published  with  the  permission  of  the  Controller  of  Her  Britannic  Majesty’s  Stationery  Office 


Materials  Science  Forum  VoL  83-87  (1992)  pp.  1531-1538 


HYDROGEN  INDUCED  DEFECTS  AND  DEFECT  PASSIVATION 
IN  SILICON  SOLAR  CELLS 

BHUSIIAN  SOPORI 

SERI,  1617  COLE  BOULEVARD,  GOLDEN,  COLORADO  80401 
ABSTRACT 

Low-energy  hydrogen  implantation  is  typically  used  for  passivation  of  defects  and  impurities  in 
silicon  solar  cells.  Here  we  show  that  this  technique  of  defect/impurity  passivation  also  induces 
some  defects  which  act  as  sites  of  high  minority  carrier  recombination.  We  describe  the  nature 
of  such  defects  and  purpose  this  to  be  a  mechanism  that  limits  the  effectiveness  of  hydrogen  for 
improving  solar  cell  performance.  The  deleterious  effects  of  hydrogen  defects  can  be  particularly 
important  if  implantation  is  done  from  the  junction  side  of  the  cell.  We  have  developed  a 
technique  for  passivating  silicon  solar  cells  in  which  hydrogen  is  introduced  from  the  back  side 
of  the  cell.  In  contrast  to  the  conventional  approach  of  front  side  hydrogenation,  the  defects  are 
kept  away  from  the  junction  side  thus  minimizing  their  influence  on  the  cell  performance.  This 
technique  requires  the  hydrogen  to  diffuse  through  the  entire  substrate  in  order  to  reach  the  front 
junction.  It  is  shown  that  an  enhanced  diffusion  of  hydrogen  can  occur  in  certain  substrates.  This 
feature  is  applied  to  achieve  a  deep  diffusion  of  hydrogen  resulting  in  a  significant  improvement 
in  the  cell  performance. 

1.  Introduction; 

Hydrogen  in  silicon  is  known  to  interact  with  the  lattice,  with  the  lattice  defects  and  with  the 
impurities  [1,2].  It  is  determined  that  hydrogen  can  occupy  interstitial  sites  in  the  silicon  lattice 
in  several  possible  configurations.  Dopant  de-activation  due  to  hydrogen  has  been  studied  in  some 
detail  and  it  is  believed  that  acceptor  deactivation  is  due  to  formation  of  a  donor-like  acceptor- 
hydrogen  complex  [3,4,5].  In  contrast,  only  a  weak  deactivation  of  donors  in  silicon  has  been 
observed  and  a  clear  mechanism  for  donor  deactivation  is  not  well  understood  [5].  Hydrogen 
interactions  with  deep  level  impurities,  such  as  transii!v,n  metals,  are  known  to  result  in 
neutralization  of  their  electrical  activity  [7].  Hydrogen  is  .so  found  to  enhance  oxygen  diffusion 
in  silicon  presumably  by  associating  with  oxygen  donor  complexes.  It  is  well  established  that 
hydrogen  can  passivate  defects  such  as  grain  boundaries  and  dislocations,  presumably  by  tying  up 
the  dangling  bonds  associated  with  them  [8].  Although  many  of  the  general  features  of  hydrogen 
in  silicon  have  been  recognized,  a  detailed  knowledge  of  interactions  of  hydrogen  in  silicon  is 
severely  lacking. 

The  ability  of  hydrogen  to  passivate  defects  and  impurities  is  of  major  interest  to  silicon  solar  cells 
since  it  can  permit  production  of  higher  efficiency  devices  on  low-cost  substrates.  These  features 
of  hydrogen  are  being  exploited  in  the  laboratory  to  improve  the  efficiency  of  silicon  solar  cells. 
However,  the  commercial  use  of  hydrogenation  for  impurity/defect  passivation  has  been  limited 
by  somewhat  complex  behavior  of  hydrogen  in  silicon.  For  example,  it  has  been  observed  that 
hydrogen  passivation  can  improve  only  the  low-performance  cells  and  that  long  process  times  are 
needed  to  diffuse  hydrogen  deep  within  the  bulk  of  the  substrate.  In  order  to  understand  these 
issues  it  is  necessary  to  develop  a  coherent  model  of  synergistic  effects  of  hydrogen  interactions 
including  dopant  deactivation,  recombination  due  to  hydrogen  induced  defects,  as  well  as 
defect/impurity  passivation..  In  this  paper  we  will  di.scuss  the  results  of  our  studies  on  hydrogen- 
induced  defects  and  the  interaction  of  hydrogen  with  grown-in  defects  when  hydrogen  is  introduced 
by  low-energy  implantation.  It  is  shown  that  surface  and  near-surface  defects  can  be  detrimental 
to  the  performance  of  a  solar  cell.  However,  the  effect  of  such  defects  can  be  minimized  if 


XTEM  micrograph  showing 
surface  damage  due  to  a 
1.5  Kev  implant 


[Oil]  plan- view  TEM 
micrograph  showing  a 
hydrogen  platelet 
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hydrogen  is  introduced  form  the  back-side  of  the  cell  instead  of  the  junction  (front)  side.  This 
requires  that  hydrogen  must  diffuse  through  the  entire  thickness  of  the  solar  cell.  In  our  studies 
on  low-energy  ion  implantation,  we  have  observed  an  enhanced  bulk  diffusivity  of  hydrogen  in 
some  polycrystalline  silicon  substrates.  This  feature  has  been  applied  to  develop  a  back-side 
hydrogenation  technique  which  circumvents  many  problems  of  conventional  approach  of 
implanting  hydrogen  from  the  junction  side  of  a  solar  cell. 

2.  Defects  in  Silicon  Due  to  Hydrogen  Implanted  at  Low  Energies 

In  our  studies  hydrogen  was  implanted  by  a  Kaufman  Ion  source.  Hydrogenation  was  typically 
carried  out  at  250  °C  at  energies  in  the  range  of  0.5  to  2  Kev.  The  beam  currents  were  limited 
to  0.6  mA/cm^  with  the  resultant  flux  densities  in  the  range  of  5xl0*^/cm^.  The  samples  consisted 
of  unprocessed  wafers  as  well  as  solar  cells.  The  unprocessed  wafers  included  Float  Zone, 
Czochralski,  and  polycrystalline  substrates  from  different  vendors.  The  solar  cells  of  two  different 
configurations  were  used.  In  one  case  the  entire  back  side  of  the  cell  was  unmetallized.  The 
second  category  consisted  of  completed  solar  cells  with  partially  open  back  contact. 

Defects  due  to  hydrogen  implanted  at  low  energies  in  silicon  may  be  divided  into  three  categories; 
surface  damage,  defects  extending  into  the  bulk,  and  defects  due  to  hydrogen  interaction  with  the 
extended  defects  such  as  dislocations.  The  near  surface  damage  appears  as  dislocation  loops, 
stacking  faults  and  entrapment  of  hydrogen.  These  defects  are  believed  to  be  caused  by  the 
combined  effect  of  energetic  ions  and  high  surface  concentrations  of  hydrogen.  Figure  1  shows 
a  cross-sectional  TEM  (XTEM)  micrograph  of  a  sample  showing  typical  structure  of  the  defects 
due  to  surface  damage.  FTIR  analyses  of  hydrogenated  samples  show  absorption  peaks  around 
2100  cm'\  However,  after  polishing  0.5  |tm  from  the  surface  i.e  after  removal  of  the  damaged 
layer,  the  absorption  peaks  are  strongly  diminished.  This  analysis  also  shows  that  optically  active 
hydrogen  is  predominantly  confined  to  the  near-surface  damaged  region.  The  depth  of  the  surface 
damage  clearly  depends  on  the  ion  energy;  the  higher  ion  energy  results  in  deeper  damage. 

The  near  surface  region  also  shows  a  preponderance  of  "platelets".;  These  defects  have  been 
postulated  earlier  and  a  limited  characterization  of  these  defects  has  been  done.  We  find  that  these 
defects  lie  in  (1 1 1)  planes  and  are  elongated  along  { 1 10}  directions.  Figure  2a  shows  [001]  plan 
view  TEM  image  of  such  a  platelet.  It  is  seen  that  such  a  platelet  shows  a  contrast  identifying  a 
core-like  structure  associated  with  the  defect.  Figure  2b  shows  a  lattice  image  of  such  a  structure 
indicating  a  loss  of  contrast  associated  with  the  defect  core.  We  believe  that  the  core  represents 
entrapment  of  hydrogen  and/or  an  aggregate  of  vacancies.  The  trapped  hydrogen  at  the  core  could 
be  molecular  in  nature.  The  platelets  are  seen  to  propagate  deep  into  the  bulk  of  the  material 
(deeper  than  the  surface  damage  described  above).  The  tendency  of  the  platelet  formation  appears 
to  be  related  to  the  impurities  in  silicon.  Low  oxygen/low  carbon  materials  have  higher  tendency 
to  generate  platelets.  At  this  time  we  do  not  have  sufficient  data  to  determine  if  any  orientations 
are  more  prone  to  produce  these  defects  than  others. 

In  addition  to  producing  its  own  defects,  hydrogen  interacts  with  extended  defects,  such  as 
dislocations,  in  the  material.  TEM  analysis  shows  that  hydrogen  can  segregate  at  dislocation  sites. 
Qualitatively  we  have  observed  that  hydrogen  segregation  occurs  mainly  at  dislocation  nodes  and 
is  m.ore  pronounced  at  "clean"  dislocations.  However,  no  segregation  is  observed  if  the  hydrogen 
concentration  is  below  lO'^/cm^. 

Although  we  have  analyzed  several  characteristics  of  hydrogen  related  defects,  here  we  will  only 
explore  those  that  are  directly  related  to  solar  cell  performance.  One  such  important  issue  is  to 
identify  if  the  hydrogen  defect.s  have  a  significant  effect  on  the  performance  of  the  cell.  Our  EBIC 


Concentration  (atms/cm^)  Concentration  {atms/cm^) 


1534 


ICDS-16 


Figure  3.  SIMS  profile  of  hydrogen, 
implanted  at  1.5  Kev  : 

(a)  Float  Zone  wafer, 

(b)  ribbon 


Figure  4.  XTEM  micrograph  montage  showing 
segregation  of  hydrogen  at 
dislocation  sites. 
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Figure  5.  XTEM  microgragh  showing  hydrogen 
diffusion  along  a  grain  boundary 
(implant  conditions  are  same  as 
for  the  sample  in  Fig.  4) 
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Figure  6.  SIMS  profile  showing 
out-diffusion  of  boron 


Figure  7a.  Schematic  of  a  process 

for  back-side  hydrogenation. 
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studies  have  shown  that  the  hydrogen  induced  surtace  damage  results  in  a  high  surface 
recombination  velocity  indicating  that  hydrogen  does  not  passivate  self-induced  defects.  Likewise, 
platelets  can  be  imaged  by  EBIC  contrast  thus  identifying  them  to  be  high  carrier  recombination 
regions.  We  hiive  not  been  able  to  determine  the  effect  of  hydrogen  segregation  at  the 
dislocations. 

FTIR  and  resistivity  measurements  have  shown  that  the  majority  of  hydrogen  associated  with  the 
defects  stays  electrically  and  optically  inactive. 

3.  Hydrogenation  diffusion  in  different  silicon  substrates: 

We  have  determined  the  profiles  of  implanted  hydrogen  in  a  variety  of  different  substrates 
including  Float  Zone,  Czochralski,  and  polycrystalline  substrates  obtained  from  different  vendors. 
Our  results  show  a  unique  feature  that  the  depth  of  hydrogen  diffusion  can  be  very  large  in  some 
polycrystalline  wafers  as  compared  to  that  of  high  quality  Float  Zone  wafers  of  the  same 
resistivity..  Figure  3a  shows  a  SIMS  profile  of  hydrogen  implanted  at  1.5  Kev  in  a  single  crystal 
Float  Zone  wafer;  the  profile  is  similar  to  that  published  in  the  literature  [1].  Figure  3b  is  a 
corresponding  SIMS  profile  of  a  silicon  ribbon  of  the  same  resistivity  and  implanted  in  the  same 
run.  It  is  seen  that  the  diffusion  profile  in  the  ribbon  is  extended  deeper  into  bulk  (data  taken 
within  one  grain).  Due  to  limitations  in  the  SIMS  measurement  of  hydrogen,  we  have  carried  out 
extensive  analysis  using  deuterium  implantation.  These  measurements  also  showed  that  deeper 
diffusion  of  deuterium  occurs  in  the  ribbon  samples  as  compared  to  the  Float  Zone  and  Czochralski 
wafers.  The  depth  of  diffusion  within  large  grains  was  found  to  be  same  as  that  along  the  grain 
boundaries. 

The  most  convincing  evidence  of  deep  diffusions  was  obtained  by  exploiting  hydrogen  segregation 
at  the  dislocation  sites  as  a  semi-quantitative  detector  for  hydrogen  depth  profile.  Selected  samples 
were  examined  in  the  cross  section  with  TEM,  to  determine  the  degree  of  hydrogen  segregation. 
Figure  4  is  an  XTEM  micrograph  of  a  ribbon  sample  showing  hydrogen  segregation  manifested 
as  "bubble"  like  structures.  The  sample  was  implanted  at  1.5  Kev  at  250  °C  for  30  minutes, 

A  decreasing  concentration  of  hydrogen  is  manifested  as  a  reduction  in  the  number  and  size  of 
hydrogen  "bubbles".  The  segregation  characteristics  depicted  in  Figure  4  represent  an  approximate 
concentration  of  lO'^/cm^  at  a  depth  of  20  pm.  In  comparison,  a  similar  concentration  of 
hydrogen  is  reached  at  a  depth  of  about  4pm  below  the  surface  in  Float  Zone  wafers  of  the  same 
resistivity.  We  believe  that  this  is  the  first  observation  indicating  higher  diffusivity  of  hydrogen 
than  in  the  Float  Zone  wafers.  Although  the  exact  mechanism  of  this  enhanced  diffusion  is  not 
well  understood  at  this  time,  we  believe  that  this  is  similar  to  that  which  causes  enhanced  diffusion 
along  some  grain  boundaries,  it  is  important  to  recognize  that  unlike  grain  boundary  diffusion, 
shown  in  Figure  5,  the  diffusion  seen  in  Figure  4  is  a  bulk  diffusion.  We  believe  that  a  vacancy 
mechanism  could  be  responsible  for  such  dec;)  diffusions.  The  mechanism  of  enhanced  diffusion 
is  clearly  important  for  solar  cell  applications  since  solar  cells  are  bulk  devices  and  we  are  striving 
to  diffuse  hydrogen  through  the  entire  thickness  of  the  wafer. 

We  have  shown  earlier  that  the  damaged  surface  exhibits  an  inversion  type  of  behavior  [9].  Such 
a  behavior  was  attributed  to  formation  of  donor  type  of  levels  due  to  the  surface  damage.  Our 
recent  investigations  show  that  out-diffusion  of  boron  can  take  place  during  low  energy  hydrogen 
implant.  Figure  6  shows  a  SIMS  profile  of  boron  following  a  hydrogen  implant  at  1.5  Kev. 
Implantation  was  done  for  30  minutes  with  substrate  held  at  250®C.  It  is  believed  that  boron  out- 
diffusion  is  enhanced  by  the  surface  damage.  The  mechanism  of  the  enhanced  out  diffusion  will 
be  discussed  elsewhere.  However,  it  should  be  pointed  out  that  such  a  modification  of  the  dopant 
profile  near  a  contact  can  play  an  important  role  in  determining  tne  conversion  efficiency  of  a 
solar  cell. 
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Figure  7b.  Plot  of  the  open  circuit  voltages 
of  a  row  of  solar  cells  before 
and  after  back-side  hydrogenation 


Wavelength  (nm) 


CELL  PARAMETERS  ARE: 


j 

BEFORE 

ttYDROGENATION 

AFI^R 

HYDROGENATION 

v„  (mV) 

S86 

587 

25.41 

25.60 

FF 

75.93 

76.94 

n(%) 

11.3 

11.7 

Figure  8. 


Spectral  responses  of  a  finished  solar  cell  before  and  after  back-side 
hydrogenation.  An  increase  in  the  long  wavelength  response  indicates  bulk 
passivation. 
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4.  Kackside  hydrogenation  technique 

The  surface  damage  due  to  hydrogen  implantation  from  the  junction  side  can  have  deleterious 
effects  on  tlie  solar  cell  performance.  The  influence  of  damage  can  be  minimized  if  hydrogen  is 
implanted  from  the  back  side  of  the  cell.  However,  a  back-side  hydrogenation  requires  that 
hydrogen  should  diffuse  rapidly  through  the  thickness  of  the  cell,  typically  300  pm,  in  order  to  be 
effective  in  improving  the  junction  properties.  Such  a  technique  has  many  other  advantages  that 
can  make  it  a  production-compatible  processflOj. 

A  preferied  way  to  hydrogenate  a  cell  from  the  back  side  is  prior  to  making  the  back-side 
metallization.  Various  steps  needed  for  such  a  process  are  illustrated  in  Figure  7a.  The  solar  cell 
is  implanted  from  the  back  side  and  then  coated  with  a  thin  layer  of  aluminum,  typically  about 
2000  A  thick.  The  aluminum  is  then  alloyed  in  a  optically  heated  furnace,  similar  to  an  RTA 
process.  This  step  serves  to  drive  hydrogen  deeper  into  the  cell  and  also  dissolve  the  damaged 
region  to  produce  a  Si-Al  alloy  to  form  an  ohmic  contact.  In  addition,  it  compensates  for  the  out- 
diffusion  of  boron  discussed  in  the  previous  section.  Figure  7b  shows  the  effect  of  such  a 
hydrogenation  process  on  an  row  of  solar  cells.  The  figure  shows  the  open  circuit  photovoltage 
of  the  devices  before(solid  line)  aiid  after  (dotteo  liiie)  the  hydrogenation  process. 

The  back-side  hydrogenation  can  also  be  readily  applied  to  finished  solar  cells  provided  the 
backside  metallization  is  in  a  grided  configuration  allowing  access  for  hydrogen  to  enter  silicon 
through  open  areas.  Figure  8  shows  the  effect  of  hydrogenating  such  a  flnished  cell  on  the  spectral 
response  of  the  cell;  for  comparison  the  other  parameters  of  the  cell,  before  and  after  the 
hydrogenation,  tire  also  indicated  in  the  figure.  From  this  figure  it  is  seen  that  the  improvement 
in  the  cell  response  is  primarily  due  to  increase  in  the  long  wavelength  response  indicating  an 
increase  in  the  minority  carrier  diffusion  length  due  to  the  passivating  effect  of  hydrogen.  Our 
experiments  have  shown  that  impurity/defect  passivation  in  silicon  solar  cells  is  possible  even  for 
cells  with  initial  efficiency  greater  than  12%  if  the  substrate  has  low  oxygen  content,  typically  less 
than  20  ppma. 
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A  STUDY  OF  RADIATION  INDUCED  DEFECTS  IN 
SILICON  SOLAR  CELLS  SHOWING  IMPROVED  RADIATION  RESISTANCE 
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ABSTRACT 

Deep  Level  Transient  Spectroscopy  (DLTS)'  has  been  used  to  investigate  radiation  damage 
in  space  solar  cells.  The  radiation  induced  defects  and  their  role  in  radiation  hard  cells 
which  employ  a  defect  gettering  region,  designed  to  remove  mobile,  primary  radiation 
damage,  have  been  studied.  The  DLTS  results  are  here  interpreted  in  terms  of  the 
improved  performance  characteristics  of  these  cells.  These  results  are  compared  with 
conventional  Czochralski  (CZ)  and  floatzone  (FZ)  solar  cells  with  varying  oxygen  and  boron 
content.  A  range  of  defects  have  been  identifled;  defects  that  are  more  prolific  in  the 
conventional  cells  than  the  denuded  zone  cells  are  linked  to  radiation  damage. 

1.  Introduction 

Solar  cells  for  space  application  are  subject  to  a  harsh  radiation  environment  and  as  a 
consequence  suffer  from  severe  degradationl  The  degradation  in  cell  performance  results 
from  point  defects  which  act  as  traps  or  recombination  centres  for  the  light  generated 
minority  carriers.  This  work  aims  to  relate  the  formation  of  point  defects  to  cell  damage 
and  efficiency  in  addition  to  the  design  of  radiation  resistant  solar  cells  specifically  for 
space  use. 

A  novel  solar  cell  has  been  designed  by  Markvart  et  al’  that  exhibits  improved  radiation 
resistance;  the  cell  incorporates  an  oxygen  rich  gettering  zone  deep  within  the  cell  (fig  1) 
which  acts  as  a  sink  for  mobile,  primary  radiation  damage.  The  type  of  defect  that  is  most 
likely  to  cause  significant  performance  degradation  is  a  mid-bandgap  recombination  centre 
with  an  affinity  for  both  electrons  and  holes;  the  radiation  tolerance  of  solar  cells  has  been 
found  to  reduce  as  the  doping  density  increases*  damage  related  defects  are  therefoie  likely 
to  include  the  dopant,  boron. 

2.  Experimental 

Five  batches  of  CZ  solar  cells,  and  four  batches  of  FZ  solar  cells  have  been  investigated. 
Two  of  the  CZ  batches  contain  defect  gettering  zones;  the  initial  oxygen  concentration  of 
these  two  batches  was  different  prior  to  formation  of  the  denuded  zone.  The  FZ  cells  are 
fabricated  from  wafers  of  different  resistivity,  covering  more  than  three  orders  of  magnitude; 
they  were  used  to  correlate  the  radiation  induced  defects  in  the  CZ  cells.  The  wafer 
orientations  were  not  uniform  for  all  the  batches  due  to  the  limited  availability  of  wafers 
of  specific  oxygen  or  boron  content. 

The  solar  cells  were  fabricated  by  an  n-type  phosphorous  diffusion  into  a  boron  doped 
substrate  to  form  a  junction  at  O.l/xm;  the  radiation  hard  solar  cells  are  fabricated  on 
standard  wafers  that  incorporate  a  gettering  zont  in  the  centre  of  the  wafer,  formed  by  a 
high  -  low  •  high  anneal.  The  cell  characteristics,  for  both  CZ  and  FZ  are  presented  in 
Table  1  and  2  respectively.  The  effect  of  the  gettering  zone  on  the  solar  cell  batches  C4 
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and  C5  is  to  modify  the  band  diagram  (fig  2)  and  to  modify  the  cell  diffusion  length  from 
150/im  to  23^m;  the  depth  of  the  denuded  zone  is  17/im  and  therefore  does  not  affect  the 
efficiency  of  the  cell  appreciably. 


anti  reflection  coating 
junction 


front  contacts 
denuded  zone 


17um 


ISOutn 


gettering  zone 


back  contact 


Figure  1  Radiation  resistant  solar  cell  with 
internal  gettering  zone  formed  from  oxygen 
precipitates 


is  modified  by  «0.1  -  0.2jim,  which 
reflects  carriers  back  toward  the  junction 


The  CZ  cells  were  irradiated  using  the  Tandem  Van  de  Craaff  accelerator  at  the  Central 
Research  Division,  BICC,  London  by  IMeV  electrons  at  a  fluence  of  lxl0'‘ecm  *  and  the 
FZ  cells  were  irradiated  at  3xl0”ecm*;  the  lower  irradiation  level  was  used  for  a  previous 
study.  After  irradiation,  the  cells  were  stabilised  under  48  hour  AMO  illumination. 


Table  1  Parameters  of  p-type  CzochraLski  material  fabricated  into  n*p  solar  cells.  All  these 
samples  were  irradiated  to  10'*  electrons/cm^  ‘  contains  a  denuded  and  gettering  zone 


SAMPLE 

RESISTIVITY 

flcm 

BORON 

CONTENT 

10'*cm’ 

OXYGEN 

CONTENT 

Iff’cm’ 

WAFER 

ORIENT¬ 

ATION 

Cl 

17-23 

17 

3.3 

111 

C2 

17-23 

13 

6.9 

111 

C3 

13-14 

7.6 

12.8 

100 

1  C4' 

11-25 

5.6 

3.8 

100 

1  C5‘ 

11-25 

8.3 

2.9 

100 

The  I-V  characteristics  were  obtained  using  X2S  continuous  beam  simulator  which  was  set 
to  provide  AMO  intensity  and  measured  against  standard  cells  at  constant  temperature. 
The  P^  characteristics  of  the  CZ  solar  celb  are  presented  in  Table  3. 


3.  Results 

The  I  •  V  characteristics  were  remeasured  after  each  irradiation  up  to  a  total  dose  of 
lxI0'*ecm'^  (fig  3).  The  cells  containing  the  gettering  zone  demonstrated  an  improved 


Materials  Science  Forum  vols.  83-87 


1541 


Table  2  Average  Parameters  of  the  floatzone  solar  cells 


SAMPLE 

RESISTIVITY 

flcm 

BORON 
CONTENT  cm  ’ 

WAFER 

ORIENTATION 

FZl 

0.  3 

2.  7x10“ 

111 

FZ2 

0.94 

7.  8x10“ 

100 

FZ3 

10 

7.  0x10’" 

100 

FZ4 

115 

9.  7x10“ 

100 

Table  3  Electrical  characteristics  of  the  CZ  solar  cells 


SAMPLE 

Isc 

mA/cm* 

Voc 

mV 

HR^SIIH 

Cl 

26.  9? 

542 

11.  53 

C2 

27.02 

539 

11.  51 

C3 

26.  72 

534 

11.  21 

C4' 

21.  21 

506 

8.  31 

C5' 

21.82 

502 

8.  46 

relat've  reduction  in  compared  to  the  conventional  cells.  The  relative  degradation  of 
the  open  circuit  voltage,  V,,,  is  much  smaller  in  batches  C4  and  C5  than  in  the  conventional 
cells.  Contrary  to  the  normal  behaviour  the  open  circuit  voltage  of  C4  and  C5  degrades 
more  than  the  short  circuit  current. 


irradiation  up  to  lxlO'*ecm''  on  standard  observed  in  CZ  solar  cells 
solar  cells  with  varying  [O]  and  radiation 
hard  solar  cells. 
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The  results  of  the  DLTS  study  on  the  FZ  and  CZ  solar  cells  arc  presented  in  Table  4  and 
5.  In  the  CZ  samples,  four  majority  carrier  traps  were  observed,  labelled  HI  to  H4;  H3  was 
not  detected  in  some  of  the  samples,  and  H4  was  observed  as  a  shoulder  on  HI.  Seven 
minority  carrier  traps  were  observed  in  these  samples,  but  only  limited  information  was 
obtained  from  them.  Two  levels  were  observed  in  the  FZ  cells,  but  due  to  a  lower 
irradiation  level,  the  concentrations  were  close  to  the  detection  limit  of  the  equipment,  i. 
e.  ,  within  10^  of  the  dopant  concentration.  Note:  the  FZ  cells  were  part  of  a  previous 
investigation,  hence  the  differing  irradiation  level.  The  traps  have  been  compared  with 
levels  observed  by  other  workers  and  correlated  with  the  resistivity  and  oxygen  content  of 
the  cells.  All  temperatures  quoted  for  the  traps  are  observed  in  the  200/s  emission  window. 

3. 1  Gzochralsld  Samples 

Level  HI  (E,-f  0. 33)  is  the  most  prominent  trap  in  all  the  CZ  materials  and  is  now  regarded 
as  the  C,  -  O,  formed  by  room  temperature  annealing  of  Q*  HI  demonstrates  a  sub  linear 
relationship  with  [O];  Drevinsky  reported  a  saturation  of  this  level  at  high  [O]  due  to 
competition  from  other  defects.  The  formation  HI  is  suppressed  in  C4*  (which  had  a  higher 
initial  [O]  than  C5‘  and  hence  has  a  higher  concentration  of  O  precipitates)  which  suggests 
an  increased  gettering  of  C,  during  irradiation. 


Table  4  The  concentrations  of  majority  defect  traps  in  irradiated  CZ  material  (x  10'‘cm‘*). 
(  +  for  data  marked  thus  it  was  not  possible  to  measure  the  defect  concentration  for  the 
200/s  emission  rate) 


LEVEL 

HI 

H2 

H3 

H4 

1  TEMP  K 

230 

120 

267 

200 

E,^meV 

320 

90-180 

470 

250 

Cl 

40 

6 

5 

3 

65 

15 

5 

+ 

C3 

70 

20 

- 

+ 

C4* 

3.3 

1.2 

- 

+ 

C5’ 

40 

10 

0.  1 

4 

Table  5  Concentrations  of  the  majority-carrier  traps  in  irradiated  FZ  material  (x  10"cm'0> 
for  the  200/s  emission  rate 


LEVEL 

(BJ  cm  ’ 

FHl 

FH1^«. 

FH2 

FH2«.« 

TEMP  K 

230 

200 

E^crineV 

340 

280 

FZl 

2.  7x10“ 

90 

3.  Oxia* 

15 

5.  0x10* 

FZ2 

7.  8x10“ 

26 

8.  7xia’ 

6 

2.0x10* 

FZ3 

7.  0x10” 

4 

1.  3x10* 

6 

2.0x10* 

FZ4 

9.  7x10“ 

2.5 

8.  3x10" 

7.5 

2.  5x10* 
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Level  H2  (E»  +0. 17eV),  is  regarded  as  the  divacancy;  there  is  no  specific  relationship  with 
[B],  but  a  general  trend  with  (O]  on  a  log  scale.  Metastability  has  been  obser/ed  in  the 
divacancy*. 

Level  H3  (E^-fO.  47)  is  seen  sporadically  in  the  CZ  samples.  This  level  is  likely  to  be 
subject  to  gettering  in  some  form  due  to  the  low  concentration  observed  in  the  denuded 
zone  cells.  The  position  suggests  a  mid  band  gap  recombination  centre  which  could  be 
related  to  a  heavy  metal  impurity,  the  low  concentration  in  C4’  and  C5*  would  support  this; 
gettering  is  normally  used  remove  impurity  metals.  However,  H3  is  not  present  in 
unirradiated  material.  The  relation  of  this  defect  with  [O]  is  also  of  interest.  At  [O]  >  10** 
the  level  is  absent:  it  is  also  absent  from  C4*  which  had  a  higher  initial  [O]  than  CS‘.  This 
level  may  be  the  same  as  a  level  observed  in  a  similar  position*  at  E,-l-0.  4&V,  but  only  in 
0.  3  ohm  /cm  material,  and  at  E.+0.  4eV*. 

Level  H4  (E,+0.  25)  appears  as  a  shoulder  on  Hi  at  200K.  Only  under  certain  conditions 
has  it  been  possible  to  resolve  H4  to  a  significant  degree.  Drevinsky  et  al*discuss  two  levels 
in  this  region,  DH4(E,+0.  29)  and  DHS(E.-t-0.  30).  Mooney*  identified  a  level  MH(E,+0. 
26)  as  the  B  -  O  -  V,  largely  by  speculation;  it  is  now  accepted  as  the  B,  -  C,. 

3.2  Minority  Carrier  Traps 

Seven  traps  have  been  obKrved  by  the  method  of  optical  injection  of  carriers.  E4  and  E5 
were  only  observed  in  the  lOOOs  '  rate  window;  one  is  representative  of  the  A  centre.  The 
concentration  of  the  observed  levels  is  an  order  of  magnitude  lower  than  the  observed 
majority  carrier  traps;  the  traps  were  verified  Ity  observation  of  the  minority  carrier  transient 
on  a  digitising  oscilloscope.  El  is  the  B,  •  O,  defect,  observed  by  other  workers*^  which  has 
partially  annealed  during  the  irradiation  sequence  to  form  B,  >  C»  H4  (0.28),  as  described 
in  the  reaction  sequence**.  The  activation  energy  of  the  trap  E3(E,-0.  21)  is  only 
approximate  due  to  its  low  concentration;  it  has  been  assigned  as  a  level  of  the  divacancy"-’* 
in  addition  to  other  configurations". 

3. 3  FZ  Samples 

Defect  introduction  rates  for  the  two  most  strongly  observed  defects  have  been  plotted 
against  [B].  FHl  (E,-<-0.  34)  and  FH2  (E,-t-0.  28)  refer  to  tlie  trap  identifications:  FHl 
occurs  at  230K  and  FH2  occurs  at  200K.  Note  that  the  error  for  these  samples  is  greater 
than  ±  0. 03eV,  due  to  noise  as  a  result  of  low  irradiation  levels.  FHl  (E,+0. 34&V)  with 
a  capture  cross  section  of  6.  8xlfi'*  cm*  ochibits  a  linear  relationship  with  (B).  FHl  has 
been  compared  with  a  level  seen  by  Drevinsity*  (DH5),  at  E,+0.  30eV,  B,  •  B,.  The 
dependence  of  this  defect  on  {Bj,  suggests  that  it  is  possibly  involved  with  cell  de^dation 
since  de^datkm  shows  a  strong  dependence  on  [B];  Weinberg  and  Swartz'*  have  also 
concluded  from  other  evidence  (the  reduction  in  diffusion  length  as  the  defect  anneals  in) 
that  the  Ev+O.  31  level  is  associated  with  the  E<-0.  27  level  and  is  responsible  for 
degradation  in  FZ  solar  cells.  FH2  (E,  0.  28eV),  in  contrast,  does  not  exhibit  a  strong 
relation  with  (B],  perhaps  only  at  higher  concentrations;  it  is  possible  that  the  formation  of 
this  defect  is  suppre.ssed  at  low  (B)  due  to  competition  by  FHl,  this  level  is  the  B,  -  C,.  We 
note  that  the  present  samples  had  under  gone  illumination  during  measurement  procedures 
which  facilitates  the  liberation  of  B,  from  B  -  O,  to  form  B,  -  B,  and  B,  -  Q  which  is 
consistent  with  the  annealing  kinetics  proposed  tty  Kimerling'*.  It  is  probable  that 
illumination,  post  irradation,  assists  the  movement  of  these  defecu  producing  B,  •  C,  which 
is  not  normally  produced  in  high  [O]  O.  material,  Q  •  O,  a  produced  preferentially.  This 
is  the  pr^bte  mtplanation  for  photon  degradation  observed  in  FZ  solar  cells*. 
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4.  Conclusion 

There  is  little  direct  evidence  to  identify  one  defect  for  solar  cell  degradation  and  to  explain 
the  cell  characteristics  of  the  denuded  zone  cells  (fig  3),  However,  it  is  possible  to  rule  out 
Hi,  which  does  not  show  any  strong  relationship  with  [B];  similarly  H2,  the  divacancy.  H3 
is  present  in  the  conventional  CZ  cells,  with  lower  [O],  but  undetectable  in  the  high  [O]  cell 
and  the  C4  sample,  and  low  conc'^ntration  in  C5.  It  would  therefore  appear  likely  that  this 
level  is  a  major  contributor  to  .-..  ’ar  cell  degradation,  or  at  least  explain  the  improved 
resistance  to  radiation  damage  exhibited  by  the  denuded  zone  cells.  The  key  factor  that 
appears  to  be  reflected  in  the  radiation  damage  of  FZ  and  CZ  cells,  both  with  and  without 
denuded  zones,  is  the  oxygen  species  within  the  cell.  FZ  material  typically  contains  [O] 
=*10”  to  «10”cm  ^  whereas  CZ  material  contains  [O]  =10”  to  10”  cm  ’.  FZ  solar  cells 
exhibit  ’the  photon  effect’;  this  is  degradation  that  occurs  with  illumination  subsequent  to 
irradiation’  and  we  suggest  that  the  formation  of  B,  -  C,  is  responsible  for  this.  CZ  solar 
cells  do  not  display  this  effect  most  probably  due  to  the  higher  oxygen  content.  In  denuded 
zone  cells,  oxygen  is  concentrated  into  a  narrow  region  in  a  saturated,  precipitated  form, 
away  from  the  junction.  The  defects  associated  with  this  region  are  able  to  provide  a  sink 
for  potentially  harmful  defects.  C3  to  C5  lu  c  demonstrated  improved  operation  after 
irradiation  compared  to  Cl  and  C2;  H3  may  provide  an  indication  of  the  reason  why  C4 
and  C5  show  a  significant  resistance  to  radiation;  further  samples  with  varying  depth  of 
denuded  zone  are  in  production.  Annealing  studies  are  at  present  in  progress  in  our 
laboratories  to  try  to  control  the  behaviour  of  defects  produced  in  a  space  environment  ano 
to  effect  their  removal  in  situ. 
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ABSTRACT 

We  present  here  the  first  direct  proof  that,  at  least  in  the  epitaxially  grown  Al/AlGaAs 
metal-semiconductor  junctions,  defects  play  a  key  role  in  the  formation  of  the  Schottky 
barrier.  T^is  proof  comes  from  a  measurement  of  a  temperature  dependence  of  the  Schottky 
barrier  heights  of  metal-semiconductor  junctions.  They  were  grown  on  both  n  and  p  type  AIGaAs 
in  a  whole  composition  range.  We  found  that  dd>(n)/dT  »  dEgip/dT,  while  d<I>(p)/dT  «  0.  This 
result  is  in  direct  conflict  with  prediction  based  on  a  concept  of  a  neutrality  level.  It 
can,  however,  be  easily  understood  if  the  localized  defects  cause  the  Fermi  level  pinning. 
This  is  because  for  localized  defects,  whose  ground  state  is  of  a  bonding  type,  the 
ionization  entropy  equals  the  entropy  of  the  valence  to  conduction  band  transitions. 


1.  Fermi  level  pinning  in  Schottky  barriers 

A  time  ago  it  was  established  that  the  barrier  heights  of  metal-semiconductor  (MS)  contacts 
made  on  covalent  semiconductors  are  almost  independent  on  the  metal  work  function.  Such  a 
behavior  suggests  that  it  must  be  some  generic  mechanism  that  is  responsible  for  the 
Fermi-level  pinning  in  Schottky  barriers.  Since  then  many  theorists  and  experimentalists  have 
tried  to  identify  the  source  of  the  pinning  phenomenon  [1,2]. 

One  group  of  models  stresses  the  role  of  the  metal-induced  gap  (MIG)  states  [1,3].  According 
to  proponents  of  this  idea,  the  reason  of  the  effect  lies  in  die  very  nature  of  the  intimate 
metal-semiconductor  contact.  There  the  evanescent  wave  function  of  a  metal  produces  the  gap 
states  (MIGs)  at  the  interface.  Such  states  are  defined  by  a  band  structure  of  a 
semiconductor  and  a  pinning  energy  corresponds  to  the  neutrality  level  of  a  semiconductor. 
Lannoo  and  his  associates  argued,  that  the  neutrality  level  should  be  associated  with  the 
average  energy  of  anion  and  cation  dangling  bonds  of  a  semiconductor  [4]. 

This  elegant  idea  ignores  completely  all  chemical  reactions  occurring  at  the  interface  during 
the  formation  of  a  contact.  It  is  known  that  surface  atoms  undergo  rebonding.  Also,  metal 
deposition  may  cause  generation  of  defects  during  metallization  [2,5-9].  Such  defects,  if 
present,  also  may  cause  the  Fermi  level  pinning.  Unfortunately,  in  spite  of  a  year  long 
search,  nu  such  defect  was  positively  identified,  although  there  are  good  reasons  to  believe 
that  anion  antisites  an,,  prime  candidates  [6,7,9]. 

Most  of  arguments  of  the  proponents  of  the  MIGs  model  rely  on  a  positive  energy  correlation 
of  the  Schottky  barrier  heights  and  the  computed  semiconductor  neutrality  levels  [3].  From 
time  to  time  there  are  reports  producing  similarly  good  correlation  of  the  measured  barrier 
heights  and  the  computed  energy  levels  of  particular  defects  (mostly  vacancies)  [10].  Such  a 
correlation  is  in  most  cased  unjustified,  because  of  the  well  known  limits  of  accuracy  of 
these  computations. 

From  all  this  vigorous  debate  one  must  conclude  that  the  only  way  to  solve  this  long  sta.-  ling 
puzzle  is  to  look  for  some  higher  order  effects  than  simple  energy  correlations.  It  became 
obvious  by  now  that  both  intrinsic  and  extrin.sic  mechanisms  must  play  some  role  in  the 
formation  of  the  Schottky  barrier.  Which  of  them  is  dominant  is  still  to  be  determined. 
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During  a  study  of  the  properties  of  the  high  quality  epitaxial  Al/AIGaAs  contacts  we  realized 
that  the  temperature  evolution  of  the  Schottky  barriers  can  provide  a  missing  insight.  If  the 
neutrality  level  (MIGs)  model  is  valid,  than  the  temperature  dependence  of  the  barrier  should 
reflect  an  individual  motion  of  a  given  semiconductor  band  (the  conduction  band  for  the 
n-type  substrate  and  the  valence  band  for  the  p-type  substrate).  Although  there  is  no  direct 
method  to  monitor  such  a  temperature  evolution,  the  theorist  agree  not  only  about  the 
direction  of  these  changes,  but  also  about  their  magnitude  [11].  If,  on  the  other  hand, 
defects  govern  the  Fermi  level  pinning,  then  their  ionization  entropy  would  control  the 
temperature  evolution  of  the  Schottky  barrier. 

2.  Ionization  entropy  of  defect  and  band  states 

There  are  two  major  con'ributions  to  the  ionization  entropy  of  the  semiconductor  band  states. 
One  comes  from  the  lattice  expansion  and  the  second,  known  as  the  Debye-Waller  factor,  from 
the  screening  of  the  electro.iic  interactions  by  the  electron-phonon  interaction  [11]. 


The  expansion  fa^ior  can  be  easily  computed  from  known  lattice  thermal  expansion,  lattice 
compressibility  and  the  pressure  dependence  of  the  gap  states.  For  the  energy  gap,  its 
pressure  dependence  may  be  used,  while  for  the  individual  baiid  states  knowi^ge  of  the 
deformation  potentials  [12]  is  required.  For  GaAs  the  lattice  expansion  amounts  only  to  about 
20%  of  a  total  change  of  the  energy  gap  with  temperature.  In  AlAs  it  is  even  smaller  because 
of  the  sign  inversion  of  the  deformation  potential  of  the  X-valley  in  comparison  with  the 
F-valley  [12].  In  both  cases  the  Debye-Watler  contribution  dominates  the  temperature  change 
of  the  energy  gap.  This  contribution  was  computed  in  several  papers  [11,13].  Summing  up  the 
dilation  and  Debye-Waller  terms  yields  the  following  values  of  the  temperature  dependence  of 
the  gap  states; 


GaAs  (D  -0.19  meV/K 

AlAs  (X)  -0.06  meV/K 

GaAs  (D  0.27  meV/K 

AlAs  (F)  0.28  meV/K 

Egtp 

GaAs  (P-n  -0*46  meV/K 

AlAs  (F-X)  -0.34  meV/K 

It  is  clear  from  this  table  that  it  is  the  motion  of  the  valence  band  that  dominates  the 
temperature  dependence  of  the  energy  gap.  Therefore,  if  the  formation  of  the  Schottky  barrier 
is  governed  by  the  MIG  states,  the  temperature  dependence  of  the  Schottky  barrier  height  on  n 
and  p-type  substrate  should  be  close  to  each  other  for  GaAs  and  direct  gap  AlGaAs.  In  AlAs  or 
indirect  gap  AlGaAs  the  cancellation  effects  between  the  expansion  and  Debye-Waller  terms  for 
the  X-couduction  band  should  result  in  a  much  stronger  temperature  dependence  for  the  p-type 
than  for  the  n-type  substrate. 


Similar  analysis  can,  in  principle,  be  made  for  the  defect  states.  It  can  be  done  much  easier 
by  following  arguments  presented  by  Van  Vechten  and  Thurmond.  They  noted  that  a  non  zero 
ionization  entropy  comes  from  a  change  of  the  local  vibration  frequencies  upon  ionization 
(from  tOj  to  (Oj’i  [14,15]: 


ASion  =  - 


k  yin 


(2) 


Th’s  approach  is  especially  useful  in  comparing  ionization  entropies  o  the  gap  and  defect 
states.  It  is  obvious  from  Eq.(2)  that  the  ionization  entropy  for  the  effective  mass  impurity 
states  should  be  very  small  as  their  ionization  does  not  change  local  phonons.  Also,  a  small 
ionization  entropy  is  expected  for  the  ionization  of  antibonding  defect  states.  Quite 
dramatic  difference  is  expected  if  the  ground  state  of  the  defect  is  a  bonding  type  because 
defect  ionization  is  nothing  but  a  bond  breaking,  similar  to  a  bond  breaking  occuring  during 
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creation  of  an  electron-hole  pair.  Because  of  this  similarity,  ionization  entropy  of  the 
localized  defect  bonding  states  should  be  close  to  the  ionization  entropy  of  the  energy  gap 
[14],  Some  complication  may  arise  if  the  defect  ionization  is  accompanied  by  a  large  lattice 
relaxation.  Here,  additional  contribution  from  a  change  of  configuration  (configuration 
entropy)  must  be  added.  In  semiconductors,  this  factor  must  not  be  very  large,  however. 

We  can  conclude  then,  that  if  the  Fermi  level  is  pinned  by  defects  (most  likely  some  midgap 
states),  either  4>n  or  4>p  should  weakly  change  with  temperature  depending  whether  the  ground 
state  of  the  defect  is  antibonding  or  bonding.  In  the  latter  case,  the  entropy  of  the 
Schottky  barrier  height  <I>  is  expected  to  be  close  to  the  ionization  entropy  of  the  energy 

gap- 

3.  Experimental  results 

To  test  validity  of  either  of  the  two  models  we  have  measured  the  temperature  dependence  of 
the  Schottky  barrier  height  of  the  MBE  grown  epitaxial  A1  on  p-  and  n-type  AlGaAs  MS 
junctions.  The  MBE-growth  technique  allowed  us  to  get  very  high  quality  junctions  with  almost 
perfect  electrical  characteristics.  All  the  layers  in  this  study  (i.e.,  AlGaAs  as  well 
as  A1  metallization)  were  MBE  grown  by  M.  Missous  at  UMIST  on  GaAs  (100)  p  or  n  substrates  in 
a  VG-V90  system  using  solid  sources  for  the  group  III  and  V  compounds  (see  Ref.  10  for 
details  of  the  growth).  The  Schottky  barrier  height  has  been  determined  either  by  the 
interna'  pltotoemission  technique  (PE)  -  the  Fowler  plots  or  from  the  capacitance  versus 
voltage  C(V)  characteristics  [(1/Cj  vs  voltage  exhibited  excellent  linearity].  We  used  the 
current  versus  voltage  I(V)  characteristics  to  test  the  electrical  quality  of  the  diodes.  For 
all  diodes  at  temperatures  for  which  the  thermionic  model  of  the  transport  applies,  the 
ideality  factor  of  the  diodes  was  no  larger  than  1.03.  The  barrier  height  deduced  from  the 
temperature  dependence  of  the  sattiration  current  agreed  very  well  with  those  determined  by 
more  accurate  PE  or  CV  methods. 

From  a  study  of  the  temperature  dependence  of  the  Schottky  barrier  heights  we  conclude  that 
the  Schottky  barriers  on  p  type  AlGaAs  ((Kx51)  are  very  weakly  temperature  dependent 
(Fig. la).  On  the  n-type  material,  the  energetic  shift  of  the  Fowler  plots  is  evident.  It  is 
slightly  larger  for  all  direct  gap  compositions  than  for  the  indirect  gap  substrates, 
following  the  temperature  shift  of  the  energy  gap  (Fig. lb.) 
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Fig.l  Examples  of  the  Fowler  plots  for  the  Al/AlGaAs  Schottky  barriers  on  p  and  n-type 
substrates.  For  all  p-type  AlGaAs  compositions  the  results  are  as  for  Al/GaAs(p)  as  shown  in 
a).  For  the  n-type  AlGaAs,  the  temperature  change  is  larger  for  the  direct  gap.  To  strenghten 
conclusion  about  the  temperature  ^ift  for  the  n-type  AlGaAs,  the  data  in  b)  were  shifted  by 
the  amount  given  in  the  figure. 
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Temperature  (K) 
b) 


Fig.2  Temperature  dependence  of  the  Schottky  barrier  heights  for  a)  the  direct  gap  GaAs  and 
b)  indirect  gap  AlGaAs.  Solid  line  is  the  temperature  dependence  of  the  energy  gap. 


4.  Conclusions 


It  is  evident  from  all  data  gathered  in  Figs.  1,  2  and 


Fig. 3  Composition  dependence  of  the  Al/AlGaAs 
Schottky  barriers.  Note  a  sign  reversal  of  the 
temperature  dependence.  Lines  are  computed 
individual  band  shifts  according  to  the  table. 


3  that  the  temperature  dependence  of 
the  AV AlGaAs  (n-type)  follows  within 
the  experimental  error  the  temperature 
dependence  of  the  energy  gap  (for  all 
AlGaAs  compositions,  i.e.,  from  GaAs 
to  AlAs).  The  temperature  dependence 
of  the  barrier  height  on  the  p-type 
material  is  much  weaker,  if  any.  This 
result  is  in  direct  conflict  with 
predictions  based  on  the  neutrality 
level  model. 

Following  the  arguments  given  in 
Section  3.  it  has,  however,  obvious 
explanation  if  the  interface  defects 
whose  ground  state  is  of  the  bonding 
type  are  responsible  for  the  pinning. 

We  conclude  therefore,  that  the  Fermi 
level  pinning  in  the  high  quality 
epitaxial  AllAlGaAs  MS  junctions  is 
indeed  due  to  the  interface  defects. 

We  believe  that  the  reported  result  is 
the  first  positive  proof  of  a  dominant 
role  of  defects  in  the  formation  of 
the  Schottky  barrier  height.  Our 
measurements  do  not  provide  any 
identification  of  these  defects, 
however. 
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Similar  behavior  has  been  observed  in  the  hydrostatic  pressure  studies  of  the  MS  diodes  on 
n-type  GaAs  where  the  pressure  dependence  of  the  Schottky  barrier  height  equals  to  that  of 
the  GaAs  direct  gap  (11.5  meV/kbar)  [16,  17].  Yet,  deformation  potentials  of  the  conduction 
band  in  GaAs  are  about  one  order  of  magnitude  larger  than  those  of  the  valence  band  [12]. 
Therefore  consider  possible  experimental  inaccuracies  (clearly  seen  by  comparing  the  data 
from  Refs.  16  and  17),  the  above  result  cannot  provide  a  clear-cut  test  for  the  Schottky 
barrier  models.  Measurement  on  the  indirect  gap  material  could  give  some  hope.  This  is 
because  the  sign  of  the  deformation  potential  for  the  X-conduction  band  changes  in  comparison 
with  a  direct  gap  material.  It  must  be  remembered,  however,  that  overall  changes  of  the 
Schottky  barrier  under  pressure  are  small  and  the  only  reliable  technique  is  the  normalized 
photocurrent  measurement,  a  very  challenging  experiment,  though. 


We  finally  comment  on  the  observed  very 
good  agreement  between  the  chemical 
yends  in  Al/AlGaAs  Schottky  barrier 
heights  and  GaAs/AlGaAs  band  offsets  [18] 
(Hg.  4).  Within  experimental  error  their 
composition  dependence  is  practically  the 
same.  In  the  earlier  ex^riments  the 
agreement  was  worse  (see  Ref.  19  for  a 
more  exhaustive  discussion  of  this 
problem  in  a  context  of  a  mutual  relation 
between  the  transition  metal  energy 
levels  and  band  offsets),  but  the  diodes 
were  simply  evaporated  and  thus  much 
worse  electrically.  This  result  taken 
alone  provides  a  strong  argument  for  the 
link  between  SchotUcy  barriers  and 
heterojunction  band-offsets  and  the  idea 
of  a  neub-ality  level  based  on  the 
screening  at  the  interface  [3].  It  also 
justifies  the  use  of  the  Schottky 
barriers  on  AIGaAs  as  the  references  for 
the  host  band  suiicture  in  a  similar  way 
as  it  was  done  recently  with  the  help  of 
transition  metal  energy  levels  [3,19]. 


Analyzing  the  published  data  on  the 
composition  trends  of  various  defects 
Fig.4  Comparison  of  the  Schottky  barrier  heights  (not  necessary  the  transition  metals)  in 
with  the  band  offsets  trends.  The  values  of  the  AIGaAs  [20],  it  becomes  obvious  that  a 
p  and  n-type  barrier  height  add  well  to  Egip.  similar  arguments  can  be  used  by  the 

proponents  of  the  defect  model,  as  for 
several  point  defects,  the  composition  shift  of  their  energy  levels  is  exactly  the  same  as 
for  the  band  offset  or  the  Schottky  barriers.  It  should  be  noted,  however,  that  this 
correlation  does  not  undermine  validity  of  the  neutrality  level  model  for  heterojunctions, 
because  simply  no  interface  defects  down  to  a  very  low  detection  limit  were  found  there. 


Acknowledgments 

Stimulating  and  friendly  interaction  with  Professors  A.  Peaker,  K.  Singer  and  E.  Rhcderick 
was  most  helpful  for  us  while  at  UMIST.  Our  most  sincere  thanks  we  direct  to  Dr.  M.  Missous 
whose  excellence  in  the  MBE  growth  and  numerous  discussion  on  the  Schottky  barrier  problem 
made  this  work  possible.  One  of  us  (JML)  would  like  to  thank  SERC  in  U.K.  for  sponsoring  my 
sabbatical  at  UMIST  and  KBN  for  a  financial  ^pport  in  Poland. 

REFERENCES 

1.  F.  Flores  and  C.  Tejedor;  J.  Phys.  C,  20,  145  (1987). 

2.  I.  Lindau  and  T.  Kendelewicz,  CRC  Crit.  Rev.Sol.  State  Mat.  Sci.  13,  27  (1986). 


1550 


ICDS-16 


3.  J.  Tersoff,  Phys.  Rev.  Lett.  52,  465  (1984);  ibid.,  56,  675  (1986)  and  Phys.  Rev.  B  30, 
4874  (1984). 

4.  M.  Lannoo,  Revue  Phys,  Appl.  28,  789  (1987). 

5.  J.  L.  Freouf  and  J.  M.  Woodall,  Surf.  Sci.  168,  518  (1986). 

6.  J.  M.  Langer,  Radiation  Effects,  72,  55  (1983). 

7.  W.  E.  Spicer,  Z.  Liliental-Weber,  E.  Weber,  N.  Newman,  T.  Kendelewicz,  R.  Cao,  C.  Me 
Cants,  P.  Mahowald,  K.  Miyano  and  I.  Lindau,  J.  Vac.  Sci.  Technol.  B  6,  1245  (1988). 

8.  R.  Ludeke,  NATO  ASI  Series  B,  195,  38  (1989). 

9.  W.  Walukiewicz,  Appl.  Phys.  Lett.  54,  2094  (1989)  and  preceding. 

10.  M.  Missous,  W.  S.  Truscott  and  K.  Singer,  J.  Appl.  Phys.  68,  2239  (1990). 

11.  M,  Cohen  and  J.  Chadi,  Handbook  of  Semiconductors,  ed.  T,  Moss,  Vol,2,  (North-Holland, 
Amsterdam,  1980)  p.  155, 

12.  Ch.  G.  Van  de  Walle,  Phys.  Rev.  B  39,  1871  (1989) 

13  J.  Camassel  and  D.  Auvergne,  Phys.  Rev.  D  12,  3258  (1975);  P.  Yu  and  M.  Cardona,  ibid. 
B  2,  3193  (1970). 

14.  J.  Van  Vechten  and  C.  D.  Thurmond,  Hiys,  Rev.  B  14,  3539  (1976). 

15.,  J.  Van  Vechten  ,  Handbook  of  Semiconductors,  ed.  T.  Moss,  Vol.4,  (North-Holland, 
Amsterdam,  1981)  p.  1. 

16.  W.  Shan,  M.  F.  Li,  P.  Yu,  W.  L.  Hansen  and  W.  Walukiewicz,  Appl.  Phys.  Lett.  53,  974 
(1988) 

17.  T.  Fujisawa  and  H.  Kukimoto,  private  communication  (1989). 

18.  M.  Missous,  P.  Revva  and  J.  M,  Langer,  in  Proc  20th  Int  Conf  Phys..  Semicond.,  ed.  E. 

M.  Anastassakis  and  J.  D.  Joannopoulous,  (World  Scientific),  p.  359. 

19.,  J.  M.  Langer,  C.  Delerue,  M.  Lannoo  and  H.  Heinrich,  Phys.  Rev.  B  38,  7723  (1988). 

20.  D.  V.  Lang  and  L.  Kimerling,  in  Proc.  13-th  Conf.  Phys.  Semicond.,  ed.T.  Fumi 

(Tipografia  Marves,  Rome,  1976)  p.  615;  D.  V.  Lang,  R.  Logan  and  L.  Kimerling,  Phys, 
Rev.  B  15,  1874  (1977). 


Materials  Science  Forum  Vol.  83-87  (1992)  pp.  1551-1556 

RECOMBINATION-ENHANCED  DIFFUSION  OF  Be  IN  GaAs 
MASASHl  UEMATSU  AND  KAZUMI WADA 

NTT  LSI  Laboratories,  3-1,  Morinosato  Wakatniya,  Atsugi-shi,  Kanagawa  243-01,  JAPAN 


ABSTRACT 

We  have  observed  recombination-enhanced  impurity  diffusion  (REID)  in  Be-doped  GaAs.  Our 
investigation  of  current-induced  degradation  of  tunnel  diodes  reveals  that  Be  diffusion  under 
forward  bias  is  enhanced  by  a  factor  of  about  10’^  at  room  temperature,  and  the  activation  energy 
for  the  diffusion  is  reduced  from  1.8  eV  for  thermal  diffusion  to  0.6  eV  for  REID.  In  the  REID 
of  Be,  the  energy  related  to  minority  carrier  injection  at  the  recombination  center  enhances  the 
annihilation  of  the  recombination  center,  in  which  a  point  defect  that  enhances  the  Be  diffusion  is 
generated. 


1.  Introduction 

Device  degradation  under  operation  has  been  widely  observed  in  electron  and  optical  devices 
such  as,  Esaki  tunnel  diodes,’-^  heterojunction  bipolar  transistors  (HBTs),^’^  light  emitting 
diodes,^  and  laser  diodes.^  These  devices  tend  to  degrade  during  forward  bias  operation  but  not 
under  reverse  or  zero  bias,  indicating  that  minority  carrier  injection,  i.e.,  the  recombination 
process,  plays  an  essential  role  in  the  degradation.  However,  the  detailed  mechanism  responsible 
for  the  degradation  must  be  clarified  to  obtain  an  understanding  of  the  basic  physics  involved 
and  thereby  fmd  ways  to  avoid  or  suppress  it. 

This  paper  describes  recombination-enhanced  diffusion  of  Be  in  GaAs  by  investigating  current- 
induced  degradation  of  Esaki  tunnel  diodes.  The  enhanced  Be  diffusion  coefficients  and  their 
decreases  with  time  are  obtained  from  the  decay  of  the  tunnei  peak  current  densities.  The  possi¬ 
ble  mechanism  for  the  enhanced  diffusion  is  discussed  based  on  the  analysis  in  terms  of  the 
kinetics  of  the  decay  of  the  recombination  center.  These  results  are  e\idence  that  recombination- 
enhanced  defect  reaction^'**’  is  responsible  for  the  enhanced  Be  diffusion,  which  we  name 
recombination-enhanced  impurity  diffusion  (REID)." 


2.  Experimental 

The  tunnel  diodes  were  fabricated  by  MBE  (Molecular  Beam  Epitaxy)  on  (100)  n-GaAs  sub¬ 
strates,  using  Be  as  a  p-type  dopant  and  Si  as  an  n-type  dopant.  The  substrate  temperature  during 
growth  was  550  °C.  The  carrier  concentrations  of  the  p^-  and  n*-  layers  of  the  tunnel  junction  are 
4x10”  cm'^  and  IxlO”  cm'^,  respectively.  Mesas  with  an  area  of  5.0x10'*  cm‘  were  formed  by 
wet  etching. 

The  typical  tunnel  peak  cunent  density  (J^)  and  the  peak  voltage  (V^)  were  measured  to  be  10 
A/cm*  and  80  meV,  respectively,  using  an  HP  4142B  Semiconductor  Parameter  Analyzer.  The 
forward  bias  operations  were  carried  out  under  constant  current  densities  in  the  range  500  - 
2000  A/cm*  over  the  temperature  range  27  -  200  °C.  The  degradation  by  thermal  annealing  was 
investigated,  where  the  diodes  were  annealed  in  nitrogen  ambient  at  4(X),  450,  and  500  °C  under 
zero-biased  condition. 


3.  Results  and  discussion 
3.1  Current-induced  Be  diffusion 


Degradation  of  the  diodes  was  observed  under  forward  bias  operation.  The  decreasses  in  peak 
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current  densities  relative  to  the  initial  values  with  time  undercurrent  densities  of  500  -  2000 
A/cm^  at  200  T  are  shown  in  Fig.  1.  Similar  decays  were  observed  at  27, 100,  and  150  “C,  with 
the  decay  rates  becoming  smaller  at  lower  temperatures. 

The  peak  current  density  is  described  by  the  formula,’^  ” 

Jp  =  Aexp(-BWp),  (1) 

where  A  and  B  are  constants,  and  is  the  width  of  the  space-charge  region  at  small  positive 
bias  Vp.  The  diffusion  of  the  dopants  should  increase  W  ,  and  hence  reduce  J  .  Because  W  is 
on  the  order  of  10  nm,  the  junction  broadening  on  the  order  of  0.1  nm  shoulS  be  sufficienf  to 
cause  a  significant  decrease  in  J  .  The  broadening  of  W  is  attributed  to  the  Be  diffusion,  with 
the  Si  donors  being  immobile,  because  the  rates  of  the  current-induced  degradation  of  HBTs 
depend  critically  on  the  Be  doping  concentrations.^  The  diffusion  coefficient  D„  is  described  in 
terms  of  decreasing  as’^’’^  ' 

Db,  =  -<l/dt[ln{  Jp(t)/Jp(0)}]WpB'(l  +  N^/Np  +  c^fkT)-^  for  t  ->  0,  (2) 

where  and  are  the  carrier  concentrations  of  the  p-  and  n-side  of  the  diode,  and  i|)  the  barri¬ 
er  potential  at  the  junction.  The  B  and  were  calculate  .  from  Kane’s  formula,'^  and  the  barri¬ 
er  potential  (|)  was  estimated  by  considering  the  forward  bias  voltage  applied  during  the  opera¬ 
tion. 

The  current-induced  Be  difrusion  coeffrcients  were  obtained  by  Eq.  (2).  Thermal  Be  diffusion 
coefficients  were  also  obtained  by  the  same  procedure  using  Eq.  (2).  These  Be  diffusion  coeffi¬ 
cients  versus  inverse  tem^rature  are  shown  in  Fig.  2.  Thermal  Be  diffusion  data  at  high  temper¬ 
atures  by  Tejwani  et  al.’^and  Schubert  et  al.‘*  are  also  shown  in  the  figure,  and  the  present  data 
are  consistent  with  these  high-temperature  data,  which  indicates  the  validity  of  the  analysis  noted 
above. 

The  current-induced  Be  diffusion  coefficient  is  given  by 

=  8.7xl0"expH0.59±0.05)eV/kT]  cmVs  (3) 

for  2000  A/cm^  and  the  thermal  Be  diffusion  coefficient  is 

=  8-3xl0-^expK1.8±0.23)eV/kTJ  cmVs.  (4) 

The  exponential  prefactors  and  the  activation 
energies  are  2.8x10  ”  cmVs,  0.58±0.05  eV  for 
1500  A/cm^  and  1.3x10”,  0.61±0.05  for  1000 
A/cm^,  respectively.  The  current-induced  Be 
diffusion  coefficient  at  room  temperature  is 
1.3x10'^®  cmVs  for  2000  A/cm%  and  the 
extrapolated  enhancement  factor  at  room 
temperature  is  greater  than  10‘*.  The  differ¬ 
ence  in  the  activation  energies  between  the 
current-induced  and  the  thermal  diffusion  is 
about  1.2  eV. 

Kimerling  and  Lang^-^  have  shown  that  the 
annealing  rate  of  E3  GaAs  defects  increases 
significantly  under  conditions  of  minority 
carrier  injection.  They  concluded  that  close 
agreement  between  the  amount  of  decreasing 
activation  energy  for  the  annealing  rate  and  the 
E3-valence  band  transition  energy  suggests 
recombination-enhanced  annealing.  In  addi¬ 
tion,  no  degradation  was  observed  under 
reverse  bias  with  2000  A/cm^  at  200  "C  for 


Fig.  1 .  Decrease  in  peak  cuitent  densities 
relative  to  initial  values  with  time  under 
forward  bias  with  current  densities  of  500  to 
2000  A/cm^  at  20C  “C.  No  degradation  was 
observed  under  reverse  bias  with  2000  A/cm^ 
at  200  "C  for  5000  s. 
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5000  sec  (Fig.  1),  or  after  a  diode  had  been  held  for  72  hr  at  200  °C  with  no  cunent  flowing, 
which  rules  out  any  possibility  of  enhancement  due  to  heating  by  high  current  density. 

These  results  suggest  that  the  energy  difference  of  1.2  eV  comes  from  electron-hole  recombina¬ 
tion  events,  where  the  energy  related  to  minority-carrier  capture  enhances  the  Be  diffusion.  The 
energy  level  of  the  recombination  center  concerned  is  not  specified  in  the  present  study. 
However,  by  considering  the  reduced  activation  energy,  the  depth  of  the  recombination  center  is 
supposed  to  be  approximately  1.2  eV  with  respect  to  the  conduction  or  valence  band  edge. 


3.2  Kinetics  ofenhanced  Be  diffusion 

We  investigated  the  enhanced  diffusion  from  the  rates  of  the  decreasing  at  t  =  0  in  Section  3.1. 
In  this  Section,  time-dependence  of  the  enhanced  Be  diffusion  coefficient  Dg^(t)  is  investigated 
and  the  kinetics  of  the  process  is  discussed.  Equation  (2)  is  also  valid  for  t  >  0  if  the  variation  of 
W  with  time  is  negligible.  In  the  present  case,  the  decrease  in  up  to  yo/J  (0)  ~  0.4  at  200  °C 
w«h  2000  A/cm^  for  2000  s  is  the  maximum  degree  of  the  degradation.  Therefore,  the  is 
estimated  to  increase  from  the  initial  value  of  W  (0)  =  17.1  nm  to  18.0  nm  at  most  using  Kane’s 
formula.**  On  the  other  hand,  -d/dt[ln{J  (t)/J  ((;))]  decreases  about  two  orders  of  magnitude  as 
estimated  from  Fig.  1.  Therefrne,  the  vanation  of  with  time  is  negligible. 

In  Eq.  (2),  both  B  and  ^  arc  in*** ve  to  the  degradation  of  the  diodes.  In  addition,  N^/Np  may 
also  be  insensitive  to  •'  .  because  the  Be  diffusion  lengths  are  so  small,  as  shown 

below,  that  the  changes  in  .  concentrations  are  considered  negligibly  small  compared 

with  the  decrease  in  -d/dtlln,  ^  ./-pvd))).  Therefore,  Eq.  (2)  is  described  as 

Dp^(t)  =  -d/dt(ln{Jp(t)/J/0))]/D,,  (5) 

where  is  a  constant.  Equation  (S)  shows  the  relation  between  the  time  dependence  of  the  I>Be 
and  the  rates  of  the  decreasing  J^. 

As  can  be  seen  in  Fig.  1,  the  rates  of  the 
decreasing  J  were  found  to  decline  with 
elapsed  time,  and  therefore  Eq.  (S)  indicates 
decreasing  Dg^.  On  the  other  hand,  the  rates  .jg 
of  the  decreasing  J  ,  and  hence  the  Be  diffu¬ 
sion  coefficients,  remain  almost  unchanged  .|g 
for  thermal  annealing.  Th?«o  results  suggest 
that  recombination  centers  are  annealed  out 
concurrently  with  the  enhanced  Be  diffusion 
because  the  Be  diffusion  will  become  slower  ^  i  o 

if  the  number  of  the  recombination  centers 
which  are  the  cause  of  the  enhanced  Be  10 
diffusion  is  decreased  by  this  annihilation 
process.  10 

I n  order  to  obtain  the  evidence  for  this  anni- 

hilation  of  the  recombination  center,  we  '''  0.5  1.0  1.5  2.0  2.5  3.0  3.5  4.0 
investigated  the  electroluminescence  (EL)  of  1/Tx10^(1/K) 

the  band-to-band  emission  from  the  diodes 
degraded  due  to  the  enhanced  Be  diffusion.** 

The  peak  intensities  of  the  EL  relative  to  that  Fig.  2.  Current-induced  and  thermal  diffu- 

of  no-degraded  diode  as  a  function  of  the  sion  coefficients  of  Be  obtained  from  the 

degradation  time  arc  shown  in  Fig.  3.  The  decrease  in  peak  current  densities.  Thermal 

diodes  were  degraded  under  forward  bias  Be  diffusion  coefficients  at  high  temperatures 

with  current  density  of  2{XX)  A/cm*  at  200  X  by  Tejwani  et  al.  (Ref.  1 5)  and  Schubert  et  al. 
for  0, 26, 1 10, 350,  and  2000  s.  The  emis-  (Ref.  16)  are  also  shown, 
sion  was  observed  at  77  K  with  injection 
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current  of  120  A/cm^,  which  induced  no  fur¬ 
ther  degradation  of  the  diodes  during  the 
emission  observation. 

The  EL  efficiency  was  found  to  increase  as  the 
diodes  were  degraded.  In  addition,  no  increase 
in  EL  was  observed  after  a  diode  had  been 
held  for  20  hr  at  200  °C  with  no  current  flow¬ 
ing,  which  rules  out  the  possibility  of  the 
thermal  annealing  of  the  recombination  center. 
These  findings  indicate  that  upon  the  enhanced 
Be  diffusion  the  recombination-enhanced 
annihilation  of  the  recombination  center  oc¬ 
curs,  in  which  the  energy  related  to  minority- 
carrier  capture  enhances  the  annihilation.  The 
mechanism  of  the  annihilation  of  the  recombi¬ 
nation  center  has  been  proposed  by  Kimerling 
and  Lang  through  multi-phonon  emission^** 
and  by  Sheinkman  via  the  excited  state  of  the 
recombination  center This  EL  efficiency 
increase  was  simulated  based  on  the  minority- 
carrier  lifetime  increase  due  to  the  single 
exponential  decay  of  the  recombination  center 
using  the  annihilation  rate  constant  k  as  a 
parameter,’’  and  we  obtained  k  =  1 .7x10'’  s"'. 


Fig.  3.  Peak  intensities  of  electrolumines¬ 
cence  of  band-to-band  emission  from  diodes 
relative  to  that  of  no-degraded  diode  as  func¬ 
tion  of  degradation  time  (solid  circles).  No 
degradation  was  observed  by  thermal  an¬ 
nealing  at  200  ”€  for  20  hr.  The  solid  line  is 
the  simulated  curve  based  on  minority-carrier 
lifetime  with  annihilation  rate  constant  k  = 
1.7x10’ s'. 


In  order  to  account  for  the  decreasing  the  relation  between  the  enhancement  of  the  diffusion 
and  the  annihilation  of  the  recombination  center  should  be  discussed.  Following  Tan  and 
Gdsele,”  Be  diffusion  in  GaAs  is  enhanced  by  the  supersaturation  of  interstitial  Ga  atoms  (l^. ). 
Therefore,  the  decreasing  indicates  the  decrease  in  the  point  defect  which  enhances  the  Be 
diffusion.  Then  we  propose  a  model  that  when  the  recombination  center  is  annihilated,  a  certain 
point  defect  is  generated,  which  enhances  the  Be  diffusion.  As  discussed  above,  is  consid¬ 
ered  to  be  one  possible  candidate  for  this  defect.  Fuithermore,  the  recombination-induced  forma¬ 
tion  of  the  traps  A  and  B,  which  are  only  observed  in  GaAs  grown  under  Ga-rich  conditions,” 
has  been  observed  during  the  operation  of  AIGaAs  light-emitting  diodes.’"  Thriefore,  the  super¬ 
saturation  of  which  is  generated  upon  the  recombination-enhanced  annihilation  of  the  recom¬ 
bination  center  could  enhance  the  Be  diffu.sion. 


We  represent  these  processes  by  the  consecutive  reaction  scheme  as 

recombination  centers:  A  — diffusion  of  to  enhance  Be  diffusion,  (6) 

where  k  and  k'  are  the  rate  constants  for  the  first  and  the  second  step.  The  first  step  represents 
the  annihilation  of  the  recombination  center  to  generate  and  the  second  the  diffusion  of  to 
enhance  the  Be  diffusion. 


We  assume  th?t  the  first  step  in  Eq.  (6)  is  the  rate-determining  step  of  the  process.  Therefore,  we 
take  k  «  k',  resulting  in  the  familiar  steady-state  treatment.”  Then  we  obtain 


Ndo.)  =  (k/k’)N(A)  =  (k/k')Aj,cxp(-kt).  (7) 

where  N(Ig^  and  N(A)  indicate  the  concentrations  of  and  A,  respectively,  and  A^  is  the  initial 
concentration  of  A. 


Following  Tan  and  Gbsele,'*  is  proportional  to  NCIq,).  Therefore.  Eq.  (7)  gives 

DJt)  =  Doexp(-kt),  (8) 

where  is  the  diffusion  coefficient  at  t  =  0.  which  we  presented  in  Section  3.1.  From  Eqs.  (5) 
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and  (8),  we  have 

d/dt[ln{Jp(t)/Jp(0))]  =  -D^expC-kt),  (9) 

I  where  is  a  constant.  Integrating  Eq.  (9)  with  ln[Jp(t)/Jp(0)]  being  0  at  t  =  0  gives 

ln[Jp(t)/yO)]  =  a[exp(-kt)  - 1],  (10) 

'  where  a  is  a  constant.  Eq.  (10)  is  the  formula  used  for  the  simulation  of  the  decreasing  with 

time. 

I  The  decreasing  J  at  200  “C  with  2000 

I  A/cm^  in  a  logarithmic  scale  is  shown  in 

I  Fig.  4,  where  the  solid  circles  are  the  ob- 

I  served  values  shown  in  Fig.  1.  This  decreas¬ 

ing  J  observed  with  time  was  simulated 
based  on  Eq.  (10)  using  k  and  a  as  parame¬ 
ters.  The  dotted  line  in  Fig.  4  is  the  simulat¬ 
ed  curve,  and  it  matched  the  observed  results 
^  very  closely.  This  indicates  the  validity  of 

the  model  we  proposed.  Furthermore,  the 
annihilation  rate  constant  k  =  1.3x10'^  s'* 
was  obtained  from  the  simulation.  This  rale 
constant,  which  was  estimated  from  the 
enhanced  Be  diflfusion,  is  close  to  the  annihi¬ 
lation  rate  constant  k  =  1.7x10'^  s  '  obtained 
^  from  the  EL  efficiency  increase.  This 

strongly  supports  our  proposal  that  the 
recombination-enhanced  annihilation  of  the 
recombination  center  occtu  s  upon  the 
enhanced  Be  diffusion  and  a  point  defect 
I  which  enhances  the  Be  diffusion  is  generat¬ 

ed  upon  this  annihilation. 

The  decreasing  at  200  "C  with  2000  A/cm*  was  obuined  using  Eq.  (8),  and  is  shown  in  Fig. 
4  (solid  line).  The  deceases  about  two  orders  of  magnitude  from  0  to  2000  s,  and  the  first 
decay  shows  the  single  exponential  decay  with  k  =  1.3  xlO"*  s'*.  The  Be  diffusion  length  esti¬ 
mated  based  on  the  Dg^  obtained  was  about  0.9  nm  after  the  elapsed  time  of  2000  s.  This  indi¬ 
cates  that  the  change  in  the  carrier  concentration  is  much  smaller  than  the  decrease  in 
-d/dt[ln(J  (t)/J  (0)}],  as  mentioned  above.  In  addition,  the  amount  of  the  Be  diffusion  estimated 
from  the  vvas  found  to  be  within  the  critical  value  for  Eq.  (2)  at  t  >  0  being  valid.  The  Dg^ 
seems  to  decay  with  smaller  rate  constant  than  that  of  the  first  decay  after  the  elapsed  time  of 
!  about  300  $.  The  reason  is  not  yet  clear;  however,  one  possible  factor  is  that  there  might  be  other 

kinds  of  recombination  centers  which  have  smaller  annihilation  rate  constants  than  that  of  the 
i  first  decay. 

The  present  results  lead  us  to  conclude  that  the  recombination-enhanced  annihilation  of  the 
'  recombination  center  occurs,  in  which  a  point  defect  is  generated,  which  enhances  the  Be  diffu¬ 

sion.  We  name  this  enhanced  Be  diffusion  recombination-enhanced  impurity  diffusion  (REID). 
I  Furthermme,  the  present  study  may  indicate  a  novel  approach  in  which  the  generation  kinetics  of 

I  group  III  point  defats  by  recombination-enhanced  processes  can  be  elucidated  from  the  view- 

;  point  of  Be  diffusion. 


4.  Summary 

Current-induced  degradation  of  tunnel  diodes  was  investigated  using  Be  as  a  p-type  dopant.  The 
degradation  was  observed  under  forward  bias  operation.  On  the  other  hand,  no  degradation  was 


Fig.  4.  Decreasing  at  200  “C  with  2000 
A/cm*  in  a  logarithmic  scale.  The  solid 
circles  are  the  observed  values  shown  in  Fig. 
1.  The  dotted  line  is  the  simulated  curve 
based  or.  Eq.  (10)  with  k  =  1.3x10  *  s  '.  The 
solid  line  is  decreasing  Dg^  obtained  using 
the  results  of  the  simulation  and  Eq.  (8). 
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observed  under  reverse  or  zero  bias.  The  diffusion  coefficients  of  Be  under  forward  bias  were 
obtained  ftom  the  decay  of  the  peak  current  density.  The  thermal  diffusion  coefficient  of  Be  was 
also  obtained  by  the  same  procedure.  The  Be  diffusion  coefficient  under  forward  bias  is  en¬ 
hanced  by  a  factor  of  about  lO'^  at  room  temperature,  and  the  activation  energy  for  the  diffusion 
is  reduced  from  1 .8  eV  for  thermal  diffusion  to  0.6  eV  for  REID. 

The  time-dependence  of  the  REID  was  investigated  based  on  the  analysis  in  terms  of  the  kinetics 
of  the  decay  of  the  recombination  center.  The  increase  in  the  EL  from  the  diodes  indicates  the 
recombination-enhanced  annihilation  of  the  recombination  center  upon  the  REID,  llie  decrease 
in  the  peak  current  density  of  the  diodes  was  simulated  based  on  the  model  in  which  a  point 
defect  that  enhances  the  Be  diffusion  is  generated  when  the  recombination  center  is  annihilated. 
The  simulated  results  matched  the  observed  data  very  closely,  and  the  annihilation  rate  constant 
for  the  recombination  center  obtained  from  the  (tecrease  in  the  peak  current  density  was  found  to 
be  close  to  the  annihilation  rate  constant  from  the  EL  efficiency  increase.  The  present  results 
suggest  that  in  the  REID  the  energy  related  to  minority  carrier  injection  at  the  recombination 
center  enhances  the  annihilation  of  the  recombination  center,  in  which  a  group  III  point  defect 
that  enhances  the  Be  diffusion  is  generated . 
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OF  GaAs/AlGaAs  HETEROJUNCTION  BIPOLAR  TRANSISTORS 

F.  REN,  T.  R.  FULLOWAN,  J.  R.  LOTHIAN.  P.  W.  WISK,  C.  R.  ABERNATHY,  R.  F.  KOPF, 
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ABSTRACT 

GaAs/AlGaAs  HBTs  with  highly  Be-(k^)ed  (4  x  cm~^)  base  layers  show  a  rapid 
degradation  in  current  gain  during  device  operation.  For  example  a  2  x  10  pm^  device 
operated  at  200"C  and  a  collects  current  density  of  2.5  x  lO**  A  ■  cm~^  shows  a  decrease  in 
gain  from  16  to  l.S  over  a  period  of  12  h.  Mmeover,  both  base-emitter  and  base-collector  diode 
ideality  factors  worsen  dramatically  (from  1.33  to  2.39  and  2.01  to  4.51  respectively)  during  this 
time.  We  ascribe  this  to  recombination-enhanced  motion  of  Be  interstitials  from  the  base  into 
the  adjoining  layers.  This  occurs  in  both  implant-isolated  and  mesa-etched  devices,  although  the 
presence  of  nearby  damaged  regions  does  slightly  enhance  the  Be  diffusion.  By  contrast, 
devices  with  highly  C-doped  (7  x  10‘^  cm^)  bases  show  no  degradation  of  DC  characteristics 
under  the  same  operating  conditions  as  the  Be-doped  HBTs.  This  may  be  a  result  of  the  higher 
solubility  of  the  carbon,  and  its  occupation  of  the  As  sub-lattice. 


Introduction 

There  is  currently  great  interest  in  the  use  of  GaAs-AlCaAs  heterojunction  bipolar  transistors 
(HBTs)  for  a  variety  of  high-speed  digital  circuit  applications.  However,  a  number  of  authors 
have  reported  the  degradation  of  HBTs  with  conventional  p-type  dopants  (Be  or  In)  in  the  base 
layer  during  device  qwration.^*'^^  This  invrdves  forward  biasing  of  both  base-emitter  and  base- 
collector  p-n  junctions,  and  it  is  generallv  observed  that  the  DC  gain  of  these  devices  decreases 
rapidly  with  time.  Uematsu  and  Wada^^’  reported  an  enhancement  by  a  factor  of  lO'^  at  room 
temperature  of  the  Be  diffusivity  in  forward-biased  tunnel  diodes.  This  was  ascribed  to 
recombination-enhanced  diffusion  of  the  Be.  Clearly  this  phenonnenon  is  catastrophic  from  the 
viewpoint  of  stable  operation  of  HBT-baSvd  circuits.  It  is  more  than  a  little  surpri.sing  that  this 
has  not  been  reported  earlier  given  the  already  relatively  long  development  time  of  HBTs. 

A  further  problem  with  the  use  of  Be  or  Zn  as  the  base  dopant  is  the  concentration-dependent 
diffusivity  of  these  impurities  during  qtitaxial  growth,  a  phenomenon  enhanced  by  the  presence 
of  high  n-type  doping  levels  in  the  adjacent  emitter  and  collector  layers.^^*^^  PCX’  this  reason, 
attention  has  recently  been  focussed  on  the  use  of  carbon  as  the  bare  drqpant  during  MBE,^^^ 
MOMBE^^’*^  or  MCX^D^’^  growth.  Carbon  has  a  much  lower  diffusivity  and  higher  solubility 
than  any  of  the  other  p-type  dt^ants,  and  tiKxeover  the  diffusion  ir  neither  concentration- 
dependent  nor  affected  by  the  doping  levels  in  the  adjacent  layers. 

In  this  paper  we  rcpcxt  on  the  current-induced  degradation  of  Be-doped  HBTs,  and  demonstrate 
that  similar  C-dq)ed  devices  do  not  show  this  decrease  in  DC  gain  under  the  same  coiiditions. 
The  reason  fex  this  stability  is  most  Iik*.ly  the  fact  that  carbon  occupies  the  As  sub-lattice  and 
therefore  is  rm  affected  by  Gai  injection. 


Experimental 

The  Be-doped  structures  were  grown  by  MBE  using  Si  as  the  n-type  dopant,  and  the  C-doped 
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base  structures  were  grown  by  MOMBE,  with  Sn  as  the  n  type  dopant.  The  growth  temperature^ 
in  each  case  were  around  S00°C,  with^  the  layer  structure  consisting  of  a  6000i^ 
(3  X  10*®  cm"^)  sub-collector,  400QA  ntype  (2  x  10*®  cm“^)  collector,  800A 
p^(4-7  X  10*®  cm"^)  base  layer,  lOOOA  n-type  (5  x  10*^  cn^"^)  Alo.3Gao.7As  emitter, 
2000A  n'*'(1.5  x  10*®  cm"®)  GaAs  emitter  cap  layer  and  300A  n''‘(10*®  cm"®)  InGaAs 
contact  layer.  Both  small  geometry  (2  x  10  M.m®)  devices  fabricated  by  a  dry-etched,  self- 
aligned  process^*®*  using  implant  (F'*'  and  H'*')  isolation  and  large  geometry  (100  iim  diameter) 
devices  fabricated  with  a  wet  chemical,  mesa-etch  process  were  biased  |t  200‘’C  and  collector 
current  densities  of  2.5  x  10^  A  •  cm“^  for  the  small  devices  andlTOA  •  cm"®  for  the  large 
devices  for  periods  up  to  12h.  The  DC  gains  and  junction  ideality  factors  of  both  Be-  and  C- 
doped  devices  were  monitored  as  a  function  of  time.  On  some  samples,  Resonance  Ionization 
Mass  Spectrometry  (RIMS)^**^  measurements  of  the  Be  profile  in  the  large  structures  were  made 
to  monitor  possible  Be  motion  as  a  result  of  either  forward  biasing  of  the  devices  or  the 
implant/anneal  cycle  used  for  isolation. 


Results  and  Discussion 

Table  1  shows  the  results  of  the  current-induced  changes  in  the  2  x  10  iim®  Be-doped  devices. 
Over  the  12h  period  the  DC  gain  these  devices  falls  from  16  to  1.5,  and  both  base-emitter  and 
base-collector  junction  ideality  factors  are  severely  degraded.  Wliile  it  is  not  clear  as  to  the 
physical  meaning  of  the  ideality  factors  being  greater  than  2,  it  is  clear  that  the  junction 
characteristics  have  been  greatly  compromised.  By  sharp  contrast,  there  is  no  significant  change 
in  the  characteristics  of  the  C-doped  devices.  We  note  that  this  is  the  case  even  though  the  C- 
doping  level  is  substantially  higher  than  that  of  the  Be.  It  is  possible  that  under  even  more 
extreme  levels  of  minority  carrier  injection  the  C-doped  devices  might  show  some  change  in  DC 
properties,  but  it  then  becomes  an  issue  as  to  whether  the  ohmic  contacts  remain  stable  under 
such  conditions.  We  note  that  no  degradation  of  the  Be-doped  HBTs  was  observed  under  zero- 
bias  conditions  at  the  same  temperature  (2(X)°C),  implicating  the  minority  carriers  in  the 
degradation  mechanism  and  supporting  the  view  that  recombination-enhanced  diffusion  of  the 
Be  is  the  cause.^®^  This  is  also  consistent  with  the  decrease  in  gain  and  worsening  junction 
ideality  factors. 


Table  1.  Comparison  of  DC  characteristics  of  2  x  10  p.m®  Bc-(4  x  10*®  cm"®)  or  C- 
(7  X  10*®  cm"®)  doped  HBTs  operated  at  200°C  and  a  collector  current  density  of 
2.5  X  10'*  A  •  cm"®  for  12h 


Be-doped 
before  ^ter  12h 


C-doped 

before  after  12h 


Current  Gain 

16 

1.5 

17 

16 

B-E  Ideality  Factor 

1.3 

2.4 

1.4 

1.4 

B-C  Ideality  Factor 

2.0 

4.5 

1.3 

1.3 

-a 


■S 
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Figure  1  shows  RIMS  profiles  before  and  after  bias  application  at  200°C  on  a  large  diameter 
Be-doped  HBT.  There  is  a  slight,  but  significant  movement  of  Be  from  the  base  into  the 
collector  layer,  consistent  with  the  mechanism  postulated  above  for  the  device  degradation.  This 
is  the  first  direct  measurement  of  the  Be  redistribution  as  a  result  of  forward-biasing  in  any 
device  structure.  We  also  point  out  that  the  Be  need  only  "punch-through”  in  a  few 
microscopic  regions  to  have  an  effect  on  the  device  operating  characteristics  and  the  RIMS  data 
is  averaging  over  quite  a  large  area  and  so  is  not  as  sensitive  as  the  device  itself  in  detecting 
motion  of  Be. 


12h. 


The  role  of  the  nearby  implant-damage  isolated  regions  in  enhancing  the  Be  diffusion  was  also 
examined.  Fluorine  ions  were  implanted  at  doses  of  7  x  10*^  cm“*{40keV),  7  x  10^^  cm"^ 
(100  kjV),  6  X  10*^  cm“*  (200ke\p  and  7  x  10*^  cm"'^  (250  keV)  into  G^s  p-n  junctions 
(2000A  p  =  3  X  10*’  cm"^,  3000A  n  =  5  x  10‘®  cm"*  and  lOOOA  n  =  4  x  10‘*  cm'*) 
grown  by  MBE  with  Be  and  Si  dopants  and  similar  samples  were  also  implanted  with  H'*' 
40keV  (3  X  10**  cm"^)  and  60keV  (3  x  10**  cm"^)  ions.  Following  an  anneal  at  525®C 
for  60  sec,  RIMS  profiles  (Figure  2)  showed  a  small  amount  of  Be  redistribution,  and  as  stated 
previously  we  observed  similar  rates  of  device  degradation  in  mesa-etched  or  implant  isolated 
structures.  The  slightly  greater  amount  of  Be  diffusion  in  the  case  of  F*  implantation  is  due  to 
the  greater  amount  of  damage  created  relative  to  fluorine  (Figure  3).  This  additional  damage  is 


reflected  in  the  worsened  ideality  factors  from  the  base  collector  junction  after  or  H'*’ 
implantation  and  annealing  (Figure  4). 


Figure  2.  RIMS  profiles  of  Be  in  HBT  structures  after  implantation  ’vith  F*^  (top)  or  (bottom) 
and  after  subsequent  annealing  to  provide  isolation. 

Conclusions  and  Summarj' 

The  rapid  degradation  of  HBTs  with  highly  Be-doped  base  layers  under  elevated  temperature 
bias  application  has  been  studied.  The  DC  gain  of  these  devices  falls  rapidly  with  time  during 
forward  bias  application  due  to  an  enhanced  diffusion  of  Be  out  of  the  base  regirni  into  the 
adjoining  emitter  and  collector  layers.  This  appears  to  be  a  result  of  a  recombination-enhanced 
motion  of  Be  interstitials.  In  sharp  contrast,  structures  with  carbon-doped  base  layers  do  not 
show  any  signific  nt  degradation  during  forward  bias  operation.  We  assume  that  this  is  due  to 
the  As  site  occupation  by  the  C,  so  that  injection  of  Ga;  by  the  high  current  flow  in  tiie  devices 
does  not  create  carbon  interstitials.  A  related  fact  may  be  titat  in  tire  case  d  MOMBE  carbon 
doping,  there  is  essentially  100%  substitutional  inewporation  of  the  carbon  so  that  diere  are  few 
interstitials  to  begin  with.  By  contrast,  the  substitutional  fractimi  of  Be  in  MBE-gtown  base 
layers  falls  progressively  below  unity  for  doping  levels  above  -3  x  10**^  cm"’,  so  that  there  is 
already  a  supply  of  Bei  prior  to  bias  application. 
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Figure  4.  Base-collector  I-V  charactensucs  from  p-n  junction  samples  implanted  with  F  ot  H 
and  then  annealed. 
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EFFECTS  OF  THE  SUBSTRATE-EPITAXIAL  LAYER  INTERFACE  ON  THE 
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ABSTRACT 

Sidegating  and  low  iiequency  oscillations  are  very  detrimental  to  the  performance  of  GaAs  MESFETs 
and  AlGaAs/GaAs  HFi^s.  Sidegating  is  highly  enhanced  by  carbon  impurities  at  the  substrate-epitaxy 
interface.  Deep  level  traps  have  been  associated  with  low  frequency  oscillations  and  light  sensitivity  of 
the  devices.  We  have  studied  the  effect  of  substrate  cleaning  using  ultraviolet-ozone  radiation  on  DLTS 
spectra  in  MESFET  and  HFET  devices.  The  incorporation  of  a  superiattice  at  the  interface  as  well  as 
variable  buffer  layer  thickness  were  investigated,  ticep  level  transient  spectroscopy  was  used  to  identify 
the  traps  present  in  these  materials. 

The  results  showed  the  DLTS  peak  causing  the  device  light  sensitivity  can  be  eliminated  by  cleaning  the 
interface.  This  hole  trap  has  an  activation  energy  of  0.5  eV  and  a  capture  cross  section  of  4  x  lO'^^cm^. 

1.  Introduction. 

Although  a  considerable  number  of  studies  on  defects  have  been  performed  on  GaAs  anJ  AlGaAs,  their 
identification  and  effects  on  the  devices  that  were  fabricated  using  these  materials  need  further 
understanding.  Addidonally,  the  properties  of  the  substrate-epitaxial  layer  interface  have  a  major 
impact  on  device  electrical  characteristics,  degrading  device  performance  and  strongly  influencing 
device  reproducibility  and  yield^**^*^*^*.  As  a  result  of  this,  the  understanding  of  the  behavior  of  the  deep 
level  occupancy  as  a  function  of  this  interface  is  essential  for  the  successful  fabrication  of  devices  and 
integrated  circuits  on  GaAs  epitaxial  wafers. 

In  this  paper,  we  report  the  deep  levels  detected  in  GaAs  MESFETs  and  HFETs  that  were  fabricated 
using  MBE  at  AT&T  Bell  Labs  Reading.  The  possible  origin  of  the  deep  levels  and  their  effects  on 
device  performance  were  investigated.  Rrst,  we  shall  describe  the  devices  used  in  this  study.  The 
conductance  DLTS  apparatus  will  be  described  in  detail.  The  discussion  of  the  results,  and  finally  the 
conclusions  and  recommendations  are  presented  in  the  last  section. 

2.  Experiment. 

2.1  Device  Structure. 

TTie  MESFETs  and  HFETs  used  in  the  experiments  were  long  channel  (45  jim)  FETs  with  channel 
width-to-Iength  {TJL)  ratios  of  1/2.  Some  smaller  devices  with  2=1.0  (tm  and  L=I8  pm  were  also 
measured.  The  large  FETs  are  tequi«\''i  for  the  capacitance  DLTS  measurements  since  in  a  standard  FET 
the  capacitance  is  too  stiudl  to  produce  measurable  signal  levels.  The  smaller  (standard.)  dc.'ices  were 
used  to  verify  ‘'lat  there  were  no  differences  with  the  large  FEfs  spectra  due  to  geometrical  or  surface 
potential  fluci  dons^'^l 

The  MESFET  stiuc|ure  consist^  of  a  1000  A  undoped  buffer  layer  grown  on  undoped  GaAs  siibstrates. 
An  alternating  (40  A  GaAs/40  A  AlGaAs)  superlattice  and  another  undoped  buffer  layer  (1000  A)  were 
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then  deposited.  Next  the  n-GaAs  conductive  layer  was  grown  with  a  Si  doping  concentration  of  1  x 
cm"^.  A  heavily  (n*)  Si  doped  (2.5  x  10‘*  cm"^)  layer  was  deposited  over  this  structure  to  enhance  the 
drain  and  source  AuAje/Ni/Au  ohmic  contacts.  Ti/Pt/Au  was  used  for  the  gate  metallization.  An  oxygen 
ion  implant  was  used  to  isolate  the  devices.  The  MESFETs  were  fabricated  to  assess  the  influence  of 
several  variables  on  deep  levels.  We  used  two  thicknesses^  fw  the  undoped  Ga^s  buffer  layer  that 
followed  the  deposition  of  the  superlattice,  standard  (1000  A),  and  thick  (10000  A).  The  superlattice 
was  eliminated  for  some  of  the  wafers.  Hnally,  we  studied  the  effects  of  two  different  cleaning 
procedures  on  the  GaAs  substrate  surfaces.  The  standard  clean,  consisu  of  a  5:2:10  NH40H:H;C2:H20 
etch.  Some  wafers  received  an  ultraviolet-ozone  clean.  Exposure  to  ultraviolet  radiation 
photochemically  oxidizes  the  carbon  on  the  wafer  surface.  This  oxide  is  desorbed  prior  to  epitaxial 
deposition*^*. 

The  MEET  structure  consisted  of  a  superlattice  grown  on  the  GaAs  undoped  semi-insulating  substrate. 
The  growth  proceeded  by  the  deposition  of  an  undoped  GaAs  buffer  layer.  Undqred  spacer  layers  were 
grown  both  above  and  telow  the  Si-doped  AlGaAs  donor  layer.  At  the  interface  between  the  undoped 
AlGaAs  spacer  and  the  undoped  GaAs  buffer  layer  a  two  dimensional  electron  gas  (2DEG)  is  formed 
when  the  electrons  from  the  donor  layer  fall  into  the  triangular  quantum  well  created  by  the  band 
discontinuity  between  AlGaAs  and  GaAs.  A  GaAs  cap  layer  is  deposited  over  the  top  spacer  layer  and 
the  other  three  layers  are  added  to  produce  the  depletion  mode  structure.  The  HFET  devices  were 
fabricated  by  using  self-aligned  tungsten  siiicide  refractory  gates.  Source  and  drain  n'*'  ohmic  contact 
regions  were  formed  by  Si  ion-implantation.  The  silicon  implanted  ions  were  activated  by  furnace 
annealing.  The  ohmic  contact  metallization  was  AuA3e/Ni/Au.  An  oxygen  ion  implant  was  used  for 
device  isolation. 

12  Experimental  Technique 

Capacitance  and  conductance  DLTS  were  measured  as  well  as  Device  I-V  characteristics.  The 
capacitance  DLTS  system  used  was  the  original  one  D.  V.  Lang  designed  for  his  DLTS  experimenu*^*. 
The  conductance  DLTS  experiment  allows  the  measurements  of  DLTS  signals  from  devices  which 
would  be  ordinarily  too  small  or  have  an  inappropriate  geometry  for  standard  capacitance  DLTS 
measurements  and  it  is  accomplished  as  follows:  A  precision  power  supply  was  used  to  apply  a  small 
bias  voluge  (50  mV)  between  the  source  and  the  drain  of  the  test  FET,  in  order  to  operate  in  the  ohmic 
region.  The  Schotiky  barrier  gate  depletion  region  was  changed  with  a  reverse  bias  pulse  from  a  pulse 
generator  which  was  triggered  through  an  oscilloscope  to  a  boxcar.  The  source  of  the  FET  was 
connected  to  a  low  noise  transimpedance  amplifier,  and  the  amplified  signal  is  connected  to  the  input  of 
the  gate  integrator.  The  signal  was  sampled  at  times  t]  and  t2  during  the  on/off  transient,  and  the  DLTS 
signal  is  the  difference  in  decay  an^Iitudes  at  these  two  times.  The  transient-time  t  (inverse  of  the 
thermal  emission  constant  e)  changes  widi  temperature  and  when  this  difference  is  on  L'le  order  of  the 
window  time  (t2  - 1| ),  the  boxcar  will  produce  a  maximum  output  signal  and  therefore  a  DLTS  peak.  A 
DLTS  spectrum  is  generated  by  sweeping  the  temperature  and  plotting  the  DLTS  signal  versus 
temperature.  We  swept  the  temperature  tetween  -50*C  and  150*C  in  rC  intervals.  The  output  from  the 
boxcar  was  connected  to  a  voltmeter.  An  AT&T  PC  with  a  HPIB  interface  sweeps  the  oven  temperature 
and  reads  the  temperature  and  the  voltmeter  values.  The  daut  was  plotted  using  a  X-Y  plotter  connected 
to  the  voltmeter  and  also  to  the  oven  with  a  thermocouple. 

3.  Results  and  Discussion 

The  transient  time  constant  giving  rise  to  the  maximum  in  the  boxcar  output  is  the  recipiocal  of  the 
emission  constant  of  the  trap  ar<d  is  given  by: 

t,wui  =  l/e  =  («i  -t2)/ln(t|/i2) 

Using  the  relation****’* 

T’t  =  ( ge  /  0  <vs,>  Nc)  exp  ( A  E/kT ) 
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c  K  the  effective  density  of  states  in  the 

(E)and 
versus 


where  <  vyi  >  is  the  mean  thermal  velocity  of  the  carriers ,  N, 

corre^Wfiding  band  and  ge  is  the  degeneracy  of  the  tra|>  «vel.  the  deep  level  activation  energy  (E 
the  capture  cross  section  (c)  can  be  determined  from  the  slope  and  the  intercept  of  the  T' t 
lOOfVkT  log-linear  plot,  respectively. 

Figure  la  shows  the  conductance  DLTS  spectrum  with  the  two  traps  found  for  the  MESFETs.  Their 
emission  temperatures  are  approximately  O^C  and  S0”C  respectively  for  I/IO  ms  (t|A2}  window.  Their 
activation  energies  were  0.32  eV  and  0.83  eV  respectively  and  their  capture  cross  sections  were  4.0  x 
10~‘^  cm'^  and  7  X  cm~^.  Figure  lb  is  the  cap.icitance  DLTS  spectrum  obtained  on  the  same 
device  as  represented  in  Figure  la  showing  a  hole  trap  for  the  first  deep  level  and  an  electron  trap  for  the 
second  one.  The  calculated  activation  energies,  obtained  by  capacitance  DLTS  were  the  same  c:  those 
calculated  by  conductance  DLTS. 


CCWUCtMCtMIt 


HGURE  la 

Conductance  DLTS  Spectrum 
showing  the  two  traps 
found  in  the  MESFETs 


FIGURE  lb 

Capacitance  DLTS  showing  a 
hole  trap  for  ti; ;  first  peak  and 
an  electron  intp  for  the  secon.l 


one. 


The  first  trap  did  not  appear  on  t?ie  DLTS  spectm  for  MESFETs  that  received  the  ozone  clenn  prior  to 
epitaxial  growth.  From  Figure  2  we  can  see  that  the  first  emission  trap  is  not  present  for  these  ozone- 
treated  wafers  regardless  of  the  undoped  GaAs  buffer  layer  thickness  used.  These  same  deep  levels  were 
measured  by  DLTS  for  standard  clea.>ied  HFET  devices. 

MESFET  MTlfirACC  CLEAMMQ  EFFECT 
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nGURE2 

The  hole  trap  is  not  active  for  either 
thin  or  thick  substrates  after 
UV -ozone  cleaning 


FIGURES 

HFET  DLTS  spectra  for  UV-clean  and 
siandani  clean  substrate,  where  the 
first  trap  doesn't  appear  for  the  UV-clean 
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The  0.S2  eV  hole  trap  was  also  absent  for  the  ozone  cleaned  HFET-devices  (Figa'e  3).  Figure 
contains  DLTS  spectra  of  HFET  devices  fabricated  on  standard  and  ozone-cleaned  wafers.  This  trap 
produces  device  insubiiities  when  the  trap  occupancy  changes.  Figure  4  illustrates  a  possible 
explanation.  A  caibon  concentration  of  lO'*  cin~^  has  been  measured^’l  on  the  standard  clean  wafers. 
This  produces  a  highly  p-type  interface  which  pins  the  Fermi  level  at  the  shallow  carbon  acceptor  level 
and  produces  a  band  bending  at  the  substraie-epi  layer  interface  (dashed  line).  Under  these  conditions 
(circles),  the  hole  trap  (£«  ^  0.32  eV)  can  be  populated  and  detected.  When  the  substrate  is  UV-ozone 
cleaned,  the  carbon  concentration  is  significantly  decreased,  raising  the  Fermi  level  substantially  above 
the  0.S2  eV  acceptor  level.  Under  these  conditions  (triangles),  the  hole  trap  can  not  change  occupancy, 
therefore,  it  is  not  detected  in  the  DLTS  spectrum. 

Mesntr  MMO  tmucfiMC 


The  iliustration  for  a  possible  e«n!anation 
of  the  hole  trap  appearance  on  the  DLTS 
spectra  based  on  the  band  bending  at  the 
substrate-epi  interface 

Hole  tnps  in  MBE  GaAs  at  growth  teirqrerature  above  SSO^  have  been  associated  with  the  presence  of 
impurities  sudi  as  Fe,  Cu,  and  Cr.  These  impurities  may  be  the  result  of  contaminants  in  the  MBE 
system  or  due  to  outdiffusion  from  the  substrate  during  growth^*^  In  order  to  investigate  the  signature 
of  the  Fe  trap,  DLTS  measurements  were  performed  on  intentionally  Fe  doped  substrates  (Figure  S). 


OmHMPttliMfMt. 


DLTS  spectra  for  an  intentionally 
Fe  dtqied  ion  implanted  MESFET. 


wnwii 


Ion  implanted  MESFET  isolated  with 
IT  DLTS  spectra.  The  first  trap  signal 
is  die  Fe  and  the  second  one  is  the  EL2. 
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These  MESFET  devices  were  fatmcated  using  ion-implantation  t^hnology  to  form  the  active  and 
ohmic  contact  regions.  The  fint  trap  is  due  to  Fe  and  the  second  one  is  the  EL2.  The  calculated 
activation  energks  and  capture  cross  sections  of  the  DLTS  q)ectrum  shown  in  Hgure  7  were:  Eape  = 
0.52  eV  and  Ope  s  1.3  x  lOr’^  cm~*  and  Ehj  *  0.82  eV  and  aaj  =  8  x  10"”  cm"^.  A  thermal 
activation  energy  of  0.52  eV  was  also  determined  from  an  Arrhenius  plot  (Attained  from  a  frequency  and 
temperature  dependence  of  the  output  impedance  measurements  performed  on  standard  HFETs.  A 
complete  description  of  the  output  impedance  measurements  has  bMn  reported  in  a  previous  paperl'I. 
The  activation  energies  determined  by  the  output  impedance  and  DLTS  measurements  were  consistent. 
The  capture  cross  sections  were  similar  also  (4.4  x  cm"^  by  the  output  impedance  method  and  4.0 
X  10^”  cm"^  by  DLTS  measurements).  A  possible  origin  for  this  hole  trap  may  be  Fe  since  the  MBE 
chamlm'  is  constructed  of  stainless  steel.  The  Fe  hole  trap  has  been  detectnl  in  previous  studies  on 
MBE  grown  GaAs*’"*®!. 

The  second  trap  detected  by  DLTS  for  the  MBE-giown  MESFETs  and  HFETs  is  an  electron  trap  and  it 
was  not  influenred  by  the  cleaning  procedure.  We  believe  that  this  electron  trap  may  be  responsible  for 
low  frequency  oscillations  that  have  been  measuredl*'^  on  Transimpedance  Preamplifier  Integrated 
(litcuits  fabriuted  on  the  MESFET  structure  described  in  this  paper.  At  room  temperature  qxration 
these  circuits  teach  50”^*^^  due  to  the  powa*  being  dissipated  by  the  circuit  under  bias.  This  S0°C 
opoating  temperature  matches  the  emission  temperature  for  this  second  trap.  The  activation  energy  and 
capture  cross  section  determined  from  the  DLTS  daa  were  0.83  eV  and  7.4  x  KT”  cm~^.  From  the  1/10 
ms  window  in  our  DLTS  measurements  we  calculated  a  frequency  of  250  Hz  for  the  trap  emission 
temperati<re  of  50*C.  This  corresponds  closely  with  the  frequency  of  the  oscillatton  for  the  circuits.  200 
Hz.  There  is  a  possibilitj*  that  this  trap  may  be  an  oxv^  related  level.  There  have  been  previous 
reports  of  an  oxygen  trap  detected  for  GaAs  h^FETs^'^Aniltsi 

A  possible  origin  for  this  trap  may  be  from  the  oxygen  implant  isolation.  We  have  measured  DLTS 
specoa  for  proton  isolated  ion-implanted  MESFETs,  as  shown  in  Figure  6,  and  we  did  not  detect  this 
trap.  The  first  tr^  in  this  DLTS  spectrum  is  the  0.52  eV  hole  trap  possible  related  to  Fe  and  the  second 
electron  trap  is  the  EL2.  It  should  be  noticed  that  both  the  oxygen-related  trap  and  the  EL2  are  present 
on  the  intentionally  doped  ion  implanted  MESFET  isolated  with  oxygen. 

Changing  the  undoped  GaAs  buffer  layer  thickness  or  eliminating  the  superlaitice  buffer  did  not 
influence  the  major  features  of  the  DL13  spectrum.  Both  hole  and  elecoon  traps  appeared  when  the 
standard  clean  was  used  and  only  the  secoiid  trap  (E,  s  0.83  eV)  was  observed  for  the  ozone  clean 
wafers. 

4.  Conclusions  and  Recommendations. 

A  0.52  eV  hole  trap  is  present  in  our  standard  cleaned  MESFETs  and  HFETs.  Its  source  may  be  not 
eliminated  but  in  older  for  diis  trap  to  be  electrically  inactive  the  inteifacial  carbon  concentration  must 
be  decreased.  This  can  be  accomplished  by  utilizing  the  UV-ozone  wafer  surface  cleaning.  This  cleaning 
is  highly  recommended  since  it  also  suppresses  sidepting,  and  improves  electron  mobility  and  electrical 
device  characteristics^^ 

The  0.83  eV  electron  trap  needs  further  investiption.  A  possible  way  to  eliminate  this  trap  could  be  by 
using  H*’  for  device  isolation.  Based  upon  the  circuit  noise  measurements  and  DLTS  measurements  it  is 
possible  10  further  evaluate  the  origin  of  the  low  frequency  oscillations.  A  more  extensive  study  of  the 
use  H*^  device  istdation  may  a»ist  in  determining  the  origin  of  this  electron  trap.  Initial  evaluations 
of  sidegating  characteristics  using  this  istdation  have  shown  improvemeni^’®^ 

The  conductanM  DLTS  measurements  have  been  shown  to  be  a  useful  technique  ro  characterize  our 
MESFETs  and  HFETs.  The  measurement  results  are  consistent  with  devi^  output  impedamre 
measurements.  The  DLTS  results  have  demonstrated  that  the  cteaning  of  the  subsnate-epi  interface  is  a 
very  iiiqionam  step  in  the  fabrication  high  performance  GaAs  devices. 
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The  interfacial  traps  of  InP  MIS  structures  with  different 
insulating  layers  drown  by  PECVD  has  been  studied  using 
IR,TS  technique.  Experinental  results  show  that  the 
interfacial  traps  are  located  in  the  interface  between  the 
insulator  and  InP.  and  near  the  interface  in  InP.  The  deep 
level  paraneters  of  the  traps  indicated  that  its  origin 
wight  be  due  to  (I)  Part  of  P  atows  evaporate  and  forw  P 
vacancies  in  InP  surface  during  P6CVD;  (2)  Native  defects 
in  InP  substrate:  (3)  Irradiation  daasge  induced  by  plasna 
during  reCVD. 

1.  IlfIBOWICTlON 

InP  is  well  suited  for  use  in  high-frequency  and  optoelectronic 
devices  by  virtue  of  its  high  electron  wobility  and  large  band 
gap.  Devices  require  the  foraation  of  Schottky 
contacts.  However,  aost  aetal  contact  on  InP  have  low  Schottky 
barrier  energy  and  this  gives  rise  to  a  large  leakage  current 
under  rev  rse  bias.  Hence,  an  insulating  layer  about  100-3000  A 
thickness  is  required  at  aetal-seaiconductor  interface  to  reduce 
the  leakage  current.  InP  devices  based  on  the  MIS  structures 
suffer  froa  current  drift  and  a  gradual  deterioration  in  their 
perforaance  Cl].The  interfacial  traps  of  InP  MIS  structures  can 
play  a  significant  role  in  device  perforaance  t2).  It  is  the 
purpose  of  this  work  to  report  the  detailed  study  of  the  physical 
behaviour  of  interfacial  traps  of  InP  MIS  structures. 

2.  SAMPLE  PREPARATION  AHS  EXPERIMENTAL  CTHPITIOHS 

The  substrates  used  here  are  n-t]^ ^  doped  InP  LBC  crystal  with 
a  carrier  concentration  of  5xl0*^^ca  .  Ihen  the  2000  A  thick  Si02 
layer  was  deposited  on  the  saaple  No.  1  and  No.  2  by  PSCVD.And  the 
1000  A  thick  Si09N  and  SiO^-  layers  were  deposited  on  the  saaple 
No.  3  and  No.  4  by  PfiCVD.  respectively.  The  PSCYD  systea  I^SO  is 
aade  by  Plasaa  Technology  corporation.  British. The  conditions  of 
PEcW)  for  all  saaples  are  as  follows:  high  frequency  13.56 
MHx.  low  piussure  150  aev.work  teaperature  340  C  and  power  density 
0.01  W/ca^.The  Cr-Au  was  evaporated  on  the  insulating  layer  to 
fora  tlM  aetal  gate.  The  ohnic  contact  was  provided  by  evaporating 
Au-Oe-Ni  on  the  back  surface  of  saaples  and  heating  at  420  C.The 
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DLTS  measurements  in  the  temperature  range  from  77  to  350  K  were 
carried  out  using  DLS-82E,  from  SemiLab,  Hungary. The  typical 
experimental  conditions  are  reverse  bias  voltage  Vr=-0,  2  V,  pulse 
amplitudeAV  =1.8  V,  pulse  width  tp=  lOO^S'and  frequency  f=  23  Hz. 
The  level  positions  of  traps  are  determined  from  Arrhenius 
plots,  while  capture  cross  sections  are  obtained  directly  from 
measurements  at  varying  pulse  width. 

3..EXPEBIMENTAL  RESULTS 

(1)  DLTS  measurement  method 

For  the  DLTS  measurement. an  MIS  diode  is  biased  as  illustrated  in 
Fig.  1 (a) .  By  applying  positive-going  pulses  with  V  =  V^,  surface 
states  and  interfacial  traps  are  filled  with  electrons  as  shown 
in  Fig.  1(b)  (the  upper  part). 

The  diode  is  then  reverse 
biased  at  V  =  Vr.  In  this 
period,  electrons  trapped 
above  the  Fermi  level  are 
emitted  as  shown  in  Fig.  1(b) 

(the  lower  part) . Accordingly, 
the  diode  capacitance 
increses.  The  diode 

capacitance  also  increases  by 
minority  carrier  generation 
when  Vr  is  large  enough  to 
generate  an  inversion  layer. 

Therefore,  the  DLTS  signal 
consists  of  three  components: 
surface  states,  interfacial 
traps  and  carrier  generation. 

These  components  can  be 
separated  by  adjusting  Vr  and 
Va. When  the  surface  potential 
is  adjusted  such  that  no  inversion  layer  is  formed  during  DLTS 
measurement,  the  minority-carrier  generation  is  suppressed  and 
DLTS  signal  represents  the  emission  from  interfacial  traps  2tnd 
surface  states.  And  both  can  be  separated  by  measuring  shift  of 
DLTS  spectra  with  varying  pulse  heights  Vj^,  s ince  ■  the  peak 
temperature  does  not  change  when  traps  dominate  but  it  change 
when  states  dominate. 

(2)  DLTS  measuring  results 

The  typical  DLTS  spectra  of  samples  No.  1  and  No.  2  are  shown  in 
Fig. 2. Seven  deep  level  defects  .labeled  El  to  E7,  which  are 
>  located  at  0.13,0.32,0.39,0.42,0.15,0.39  and  0. 49ev  bdlow  E,,,  are 
observed  respectively. The  deep  level  parameters  defects  are 
listed  in  Table  I. Among  above  defects, El (0. 13ev)  and  E5(0. 15ev) 
have  the  similar  deep  level  parameters  to  that  of  trap  at  0. 16ev 
of  Levinson  et  al  [4]. ,  E2(0.  32ev) ,  E3(0.  39ev)  and  E6(0. 39ev)  have 
the  similar  deep  level  parameters  to  that  of  trap  at  0.31  and 
0. 40ev  of  Yamazoe  et  al  [5}. Although  E7(0. 49ev)  has  the  similar 
level  position  to  that  of  trap  at  0. 51ev  of  Lim  et  al  C6].,the 


Fig.  1.  DLTS  measurement. 

(a)  Shape  of  bias  voltage 
and  capacitance  variation. 

(b)  Energy  diagrams  during 
injection  and  emission. 
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difference  between  both  values  of  capture  cross  section  is  much 
too  large  (see  Table  I). The  typical  DLTS  spectra  of  samples  No. 3 
and  No.  4  are  shown  in  Fig.  3.  Six  deep  level  defects, labeled  E8  to 
B13,  which  are  located  at  0.  21.  0.  40,  0.  IS.'O.  36,  0.  40  and  0.  59ev 
below  Eq,  can  be  observed.  Their  detailed  parameters  are  also 


Fig.  2.  DLTS  spectra  of  InP 
MIS  structure. 

(a)  Sample  No.  1. 

(b)  Sample  No.  2. 

Vr=-0.  2  V.  AV=1.8  V. 

f=23Hz. 


Fig.  3.  DLTS  spectra  of  InP 
MIS  structure. 

(a)  Sample  No.  3. 

(b)  Sample  No.  4. 
Vr=-0.2  V,  AV=1.8  V, 

f=23Hz. 


listed  in  Table  I.  It  is  interesting  for  us  that  E8  (0. 21ev),E10 
(0. 15ev)  and  E11(0.36EV)  could  be  identical  with  the  trap  at 
0.21,0.14  and  0. 37ev  of  Levinson  et  al  [4].  And  E9  (0. 40ev),E12 
(0. 40ev)  and  E13  (0. 59ev)  could  be  identical  to  the  traps  at  0. 40 
and  0.  60ev  of  Yamazoe  et  al  [5]. Table  I  summarized  the  results  of 
previous  workers  and  the  results  of  this  work. 


Table  I.  Summary  of  Experimental  Results 


Sample 

Trap  notation 

Ref. 

No. 

Label 

Ec-Et 

(ev) 

(xlO^^cm' 

-3)  (xl‘o-16c,2) 

Ec-Et 

(ev) 

*cm^) 

El 

0. 13 

5.0 

1.3 

0. 14 

>2.7 

[8] 

E2 

0.32 

16 

0.  25 

0.  31 

0.015 

[5] 

1 

E3 

0.  39 

12 

2.6 

0.40 

0.33 

[5] 

E4 

0.  42 

12 

91 

0.40 

0.  33 

[5] 

E5 

0. 15 

20 

0.  52 

>2.7 

[8] 

2 

E6 

0.  39 

30 

3.8 

0.  33. 

[5] 

E7 

0.  49 

30 

17 

Wm 

4x10^ 

[6] 

E8 

0.21 

5.0 

7.  7 

0.  22 

>2.2 

[8] 

3 

E9 

0.  40 

8.0 

2.4 

0.40 

0.33 

[5] 

ElO 

0. 15 

8.0 

0.  28 

0.14 

>2.7 

[8] 

Ell 

0.  36 

14 

48 

0.  37 

>  1.7 

[83 

4 

E12 

0.  40 

14 

1.9 

0.40 

0.33 

[5] 

E13 

0.  59 

8.0 

1.6 

0.  60 

5.0 

[5] 
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In  all  our  DLTS  measurements,  the  filling  pulse  was  1.  8  V  and  thus 
can  be  considered  large-pulse  DLTS. We  have  also  made  a  series  of 
small  pulse  DLTS  measurements  where  the  filling  pulse  was  only 
0. 2  V.  It  can  be  seen  that  at  the  same  frequency  the  same  peak 
consistently  appeared  Indicating  that  the  defects  were  not 
interface  states  but  traps,  that  is,  interfacial  traps. 

4.  DISCUSSION 

(1)  Because  of  the  high  vapour  pressure  of  P,  P  vacancies  in  I 

InP  LEG  crystal  is  easily  formed  even  in  low-temperature  heat  | 

treatment,  and  Vp  is  important  in  the  introduction  of  deep  levels 

in  the  course  of  InP  device  fabrication. The  deep  levels  in  InP  | 

caused  by  heat  treatment  (350  C,  450  C  and  550  C)  have  been  | 

systematically  investigated  by  DLTS  and  PL  measurements  [5]. As  a  | 

result  of  the  comparison  of  DLTS  and  PL  spectra. it  has  been  found  } 

that  a  DLTS  peak  whose  emission  activation  energy  is  about  0.  40ev  | 

strongly  correlates  the  well-known  1.  lev  emission  peak  in  PL  | 

spectra  and  origin  of  this  single  can  be  identified  as  a  complex  | 

state  associated  with  Vp.  According  to  the  defect  model  proposed  i 

by  Spicer  et  al.  [7]  the  level  at  0. 40ev  is  associated  with  a  | 

Vp.So  the  E3  (0. 39ev).E6  (0.39ev).E9  (0. 40ev)  and  E12  (0. 40ev) 
may  be  related  to  Vp  which  was  formed  in  the  work  temperature  of 
PECVD  (340  C)  due  to  P  evaporation.  Although  E4  (0. 42ev)  has  the 
similar  level  position  to  trap  at  0. 40ev  of  Yamazoe  [5],  the 
difference  of  both  values  of  capture  cross  section  is  too  large. 

In  view  of  discrepency  .the  origin  of  E4  thus  remains  unknown. 

(2)  Yamazoe  et  al. [5]  observed  the  trap  at  Oi  31  and  0. 60ev  which 
might  be  due  to  native  defects  in  InP.  These  traps  were  annealed 
out  in  the  N2  atmosphere  and  enhanced  after  heat  treatment  under 
excess  P  pressure,  this  indicates  that  they  are  related  to  native 
defects  probably  associated  with  P  interstitutial  or  In 
vacancy.  E2  (0. 32ev)  and  E13  (0. 59ev)  could  be  identical  to  traps 
at  0. 31ev  and  0.  60ev  of  Yamazoe  et  al.  [5]  and  may  be  due  to 
native  defects  in  InP  substrates. 

(3)  Lim  et  al.[6][9]  reported  that  the  trap  at  0. 51ev  is  due  to 
oxygen, since  it  is  found  in  oxygen  doped  InP  and  InP  HIS 
fabricated  by  chemical  oxidation.  However,  its  capture  cross 
section  is  much  too  large  and  the  peak  occurred  at  too  low  a 
temperature  for  the  given  emission  rate,  compared  to  that  of  E7 
(0. 49ev) . Thus  whether  E7  is  related  to  oxygen  remains  unknown. 

(4)  Levinson  et  al.  [8]  reported  the  observation  of  metastable  M 
center  in  electron  irradiated  InP, which  was  shown  to  exist  in 
either  of  two  configurations,  A  or  B,  depending  on  its  charge 
state.  Each  configuration  is  characterized  by  distinct  DLTS 
spectra.  The  A  configuration  is  obtained  when  the  sample  is  cooled 
to  below  160  K  without  any  bias, whereas  the  B  configuration  is 
obtained  when  a  reverse  bias  is  applyed  during  cooling. The  DLTS 
curve  for  B  configuration  showed  defect  levels  at  0.09,0.14,0.22 
and  0. 37ev  below  E  , When  the  defect  electronic  states  are  fully 
occupied  ,  the  defect  is  in  A  configuration,  when  three  electrons 
are  lost, B  configuration  is  formed  according  to  the  following 


1 


w,  .  . . . . . . . . . . . 
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reaction:  A°“->  A'*‘+e“-t .A^'*'+2e"-»  A^'*‘+3e  -♦  B^’*‘+3e“ 

In  the  final  state  .the  defect  acts  as  a  trivalent  electron 
trap,  and  each  capture  and  subsequent  enti^ssion  of  electron  is 
responsible  for  the  DLTS  peaks. A  comparison  between  our  results 
and  Levinson  et  al. shows  that  El (0. 13ev) , E5 (0.  15ev)  and 
E10(0. 15ev)  could  be  identical  with  the  trap  at  0. 14ev,  E8(0.  21ev) 
could  be  identical  with  the  trap  at  0.  22ev,  Ell (0.  36ev)  could  be 
identical  with  the  trap  at  0. 37ev,  indicating  that  E1,E5,E8, ElO 
and  Ell  are  similar  to  those  found  in  electron  bombarded  InP. They 
may  be  related  to  irradiation  damage  induced  by  plasma  during 
PECVD. 

5.C0NCLUSI0N 

We  have  reported  the  observation  of  interfacial  traps  that  are 
formed  in  InP  MIS  structures  with  different  insulating  layers.  The 
origin  of  these  traps  might  be  due  to  (1)  Part  of  P  atmos 
evaporate  and  form  Vp  in  InP  surface  during  PECVD;  (2)  Native 
defects  in  InP  substrate:  (3)  Irradiation  damage  induced  by 
plasma  during  PECVD. 
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45 

—  internal  surfaces 

81 

deuterium  in  III-V’s 

—  in  AlGaAsrSi 

539 

—  in  AlGaAs  -  SIMS  profiles 

617 

—  in  GaAs  -  SIMS  profiles 

617 

—  in  GaAs;Zn 

539 

—  in  InP  -  SIMS  profiles 

617 

diffusion  in  GaAs:Be 

1551 

diffusion  in  GaAs/AlAs 

1351 

diffusion  in  GaAs/ AlGaAs 

1339, 1557 

dislocations  in  GaAs 

—  STM 

1177 

dislocations  in  Ge 

1333 

dislocations  in  InGaAs 

1285, 1291 

dislocations  in  silicon 

—  ‘D’  photoluminescence 

1309, 1315 

—  effect  of  transition  metals 

1309, 1321 

—  EFG  films 

291 

—  motion 

1333 

dislocations  in  Si/Ge 

1271 

divacancy  in  Si 

321, 1165 

DLTS  measurements 

—  digital  aquisition 

1147 

—  of  AlGaAs:DX 

605,  769 

—  of  AlGaAs:Si 

605,  817,  829 

. . . . . . . . . . . . . . . . . . 
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—  of  AlGaAs:Te  +  DX 

853 

4 

—  of  AlGaAa/GaAs  heterost-  uctures 

1063 

i 

—  of  AlGaAS/GaAs  HFETs 

1563 

1 

—  of  GaAs:EL2 

1147 

1 

—  of  GaAs  e-beam  evaporated 

1499 

i 

—  of  GaAs:Er 

671 

:| 

—  of  GaAs  MESFET’s 

1563 

3 

—  of  GaAs:0 

377 

-0 

—  of  GaSbiDX 

769 

.3 

--  of  GaSb  -1-  H 

623 

S 

—  of  Ge:Ni 

245 

—  of  InGaAs 

1291 

3 

—  of  laP  with  Schottky  barriers 

1569 

—  of  r6  centre 

1427 

-3 

—  of  Si:Au 

1103 

3 

—  of  Si;B  -1-  radiation 

351 

1 

—  of  Si:C 

285 

—  of  Si:Ci-P. 

339 

1 

—  of  Si:Cd-Fe 

1097 

1 

—  of  Si:Cu-siCceptor  pairs 

161 

1 

—  of  Si:Cu-radiation  damage  complexes 

179 

1 

—  of  Si:Fe 

227 

1 

—  of  Si:Ir 

1103 

1 

—  of  SiiOs 

1103 

1 

—  of  Si:Pt 

1103 

1 

—  of  Si:S 

1153 

i 

—  of  Si:Se 

1153 

—  of  Si  solar  cells 

1539 

1 

—  of  Si:stacking  faults 

1457,  1463 

1 

—  of  Si:Ti 

227 

1 

—  of  Si:V 

227 

1 

—  temperature  dependent  field  effect 

1153 

i 

donor-acceptor  pair  spectra 
—  in  SiC:Al-N 

1195 

3 

b 

donors  in  silicon 

—  As 

469, 1171 

■k 

—  P 

499,  1171 

—  Sb 

273,  469 

'A 

donors  in  II- Vi’s 

1265 

1 

DX  centres 

—  density  functional  theory 

735 

€ 

—  in  AlGaAs  605, 

769,  775, 

787,  799,  805, 

% 

-  817, 823, 

,  829,  835, 

>  841,  847,  853 

—  in  AlSb 

793 

—  in  GaAs 

735,  751, 

,  757,  763,  859 

M 

—  in  GaSb 

769 

% 

EFG  Si 

—  carbon  related  levels 

285 

—  photoluminescence 

291 

M 

elastic  energy  loss  of  SiiB-H 

9 

M 

. . . . 
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electrically  detected  magnetic  resonance 


—  of  Si:Pt 

1165 

electron  beam  doping 

1503 

electron  beam  induced  current 
—  of  dislocations  in  Si 

1309 

electronic  optical  transitions 
—  ofCdFjiIn 

493 

—  of  GaAs:Fe 

695,  729 

—  of  InP:Fe 

695 

—  of  Si:Au 

209,  215, 1135 

—  of  Si:Be 

255 

—  of  Si:Fe 

125 

—  of  Si:Mn 

125 

—  of  Si:thermai  donors 

401 

—  of  Si:Zn 

197 

—  of  Si:615  meV  line 

327 

—  of  SiC:V 

1213 

electron  paramagnetic  resonance 
—  of  AlGaAs  deep  +  shallow  states 

787 

—  of  AlGaAs:Sn  +  DX 

841 

—  of  AlSb:Te 

793 

—  of  GaAs 

1051 

—  of  GaAs:A8Ga 

899 

—  of  GaAstMn 

701 

—  of  GaAsiTl 

959 

—  of  GaAs:Zn  +  radiation 

965 

—  of  GaPiAsGa 

899 

—  of  GaP:Fe-S 

719 

—  of  GaP:V 

701 

—  of  Ge-As 

297 

—  of  Ps  centre 

1415, 1421 

—  of  Si:Ci-P, 

345 

—  of  Si'.CrIn 

137 

—  of  Si:Fe-acceptors 

143, 155 

—  of  Si;Fe-Al 

149 

—  of  Si'.Fe4 

221 

—  of  Si;H-P 

75 

—  of  Si:MnGa 

137 

—  of  Si:Mn4 

221 

—  of  Si:Ni- 

233 

—  of  Si:NL8,  NLIO 

407 

—  of  Si:Pd- 

233 

—  SiC:C  sp* 

1201 

—  of  SiC:N 

1141, 1183 

—  of  SiC:Ti 

1183 

—  of  SiC:V 

1183 

—  of  SiGe:Ge 

1493 

electron  spin  echo 
—  of  Si:A  centre 

357 

EL2 

-  -  density  functional  theory 

735 
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—  in  AlGaAs 

911 

—  in  GaAs  859,  865,  875,  881,  887, 

-  893,  917,  923,  929,  947, 

991,  1033, 1147 

F  in  GaAs 

1009 

Fano  resonances 

—  of  Si-Be 

255 

Frenkel  pair  production  in  Ge 

1109 

Frohlich  interaction  of  CdFjiIn 

493 

GaAs/ A1  As  superlattices 

—  A1  monolayer  vibrations 

1409 

—  Zn  diffusion 

1351 

GaAs/ AlGaAs  superlattices  and  quantum  wells 

—  acceptor  states 

1375 

—  chemical  mapping 

1339 

—  donor  states 

1369, 1375 

—  Frans-Keldysh  effect 

1357 

—  time-resolved  photoluminescence 

1363 

—  Zn  diffusion 

1351 

Ge-0  complexes  in  Si 

419 

Green’s  function  calculations 

—  of  GaAs:Asoa 

865 

—  of  lattice  relaxation 

505 

—  of  rare  earth  inpurities 

659 

Hartree-Fock  calculations 

—  C:N 

463 

—  Ge:N 

463 

—  Ge:H-B 

119 

—  Ge:H-C 

119 

-  Ge:H-Si 

119 

—  Si:H-As 

63 

—  Si:H-B 

119 

—  Si:H-H-B 

27 

—  Si:H-H-P 

27 

—  S:H  interstitial 

119 

—  Si:H-P 

63 

—  Si:N 

463 

Heisenburg  Hamiltonian 

523 

hetero-epitaxy 

1271  et  teq. 

hydrogen  in  AlAs 

—  in  AlA8:Si 

635 

hydrogen  in  amorphous  Si 

1 

hydrogen  in  crystalline  Si 

—  diffusion 

21,  45,  51,  57,  87 

—  effusion 

45 

-| 

—  H-Al 

111 

i 

—  H-As 

63 

"i 

-H-B 

9,  93,  111,  119 

J 

—  H-Be 

69 

1 

—  H-Cd 

15 

—  H-Ga 

111 

A 

-  H-H-B 

27 

M 
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—  H-H-P 

27 

—  high  concentrations  in 

39 

—  H-In 

15 

—  H-P 

63,  75 

—  H-Sb 

99 

—  0  migration 

551 

—  perturbed  angular  correlation 

1081 

—  platelets 

33 

—  solubility 

93 

—  surface  desorption 

45 

—  thermal  donor  formation 

105 

hydrogen  in  GaAs 

—  diffusion 

21 

-H-C 

111,  563 

—  H-Cd 

593 

—  H-N 

581 

—  H-0 

581 

—  H-Zn 

539 

—  local  density  theory 

611 

—  passivation  of  C 

551 

—  photoluminescence 

599 

—  Schottky  barriers 

587 

—  SIMS  profiles 

617 

hydrogen  in  GaP 

—  H-Cd 

593 

—  passivation  of  Zn 

575 

hydrogen  in  GaSb 

—  diffusion  coefficient 

623 

hydrogen  in  germanium 

—  H-B 

119 

-H-C 

119 

—  H-Ni 

245 

—  H-Si 

119 

hydrogen  in  InAs 

—  diffusion 

629 

—  H-Cd 

593 

hydrogen  in  InP 

—  H-Cd 

593 

hydrogen  in  InSb 

-H-Cd 

593 

hydrogen  in  Schottky  barriers 

587 

hydrogen  in  silicon  solar  cells 

1531 

hydrogen  in  III-V  alloys 

—  GaAlAs;DX 

605 

—  GaAlA8:Si 

539,  605 

—  GaAs/AlGaAs 

1357 

hydrogenic  states  in  GaAs/AlGaAs 

1369 

hydrostatic  pressure  perturbations 

—  of  GaAsidonors 

751 

—  of  GaAsiDX 

757 

''•aAsiD* 

763 
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—  of  GaAs:EL2 

875,  929 

In  in  GaAs 

1003, 1481 

interstitid  defects 

ll 

—  in  CdTe 

1253 

—  in  Ge 

309 

—  in  Si 

309,  363,  433, 1433, 1451 

—  diffusion 

527,  1433, 1439 

—  role  in  electron  beam  doping 

1503 

ion  channeling 

—  in  GaAs/AlGaAs  ion  etched 

1439 

—  of  AlGaAsiTe  +  DX 

853 

ion  implantation 
—  stress  in  Si 

1487 

isotope  effects 

—  epr  in  isotopically  modified  Ge 

297 

—  in  Ps  centres 

1415, 1421 

—  radioactive  isotopes  in  Si 

1097, 1103 

—  vibrations  of  0  in  ^*Ge 

425 

Jahn^Teller  effect 
—  of  interstitials 

527 

—  of  Si:Au-Fe 

209 

—  of  Si:vacancy 

475 

—  of  Si:Zn 

197 

—  reduction  factors 

487 

junction  space  charge  measurements 
—  of  Si:Mo 

239 

—  of  Si:Ti 

239 

—  of  Si:W 

239 

kinetic  modelling  of  Si;H 

51,57 

Li  in  GaAs 

985 

Li  in  II-VPs 

1259 

linear  combinations  of  atomic  orbitals 
—  for  dislocations  in  Ge  and  Si 

1333 

local  mode  vibrations 
—  dynamical  modelling 

533 

—  in  C-rich  EFG  Si 

285 

—  of  AlAs:Si 

635 

—  of  C:N 

457,  463 

—  of  GaAsiAl  monolayer 

1409 

—  ofGaAsrDX 

757 

—  ofGaAs;H-C 

111,  563 

—  of  GaAs;H'N 

581 

—  of  GaAs:H-0 

581 

—  of  GaAs:Of 

369,  377 

-of”Ge:0 

425 

—  of  InAf  :Be 

1027 

—  of  InAsrSi 

1027 

—  of  InSb:Be 

1027 

—  of  InSb:Si 

1027 

—  ofSi:H-Al 

111 

-ofSi:H-B 

93,  111 

j 
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—  of  Si:H-Ga 

111 

—  of  Si:N 

263 

—  of  Si:0  epitaxial  growth 

1069 

—  of  Si:P  +  radiation 

333 

low  temperature  growth  of  GaAs 
magnetic  circular  dichroism 

1033, 1045 

—  of  GaAstAsoa 

865,  887 

—  of  GaAs  irradiated 

947 

magnetic  CZ  silicon 
magneto-optical  transmission 

1075 

—  of  GaAs:donors 
metastability 

751 

—  and  optical  nuclear  polarisation 

1135 

-  in  II- Vi’s 

1265 

—  of  acceptors  and  donors  in  T||  crystals 

447 

—  of  DX  centres 

735 

—  ofEL2 

735.  911,  917 

—  of  Si:B  -f-  radiation 

351 

—  of  Si:Ci-P, 

339,  345 

—  ofSi:Pt-‘X’ 

167 

—  ofSi:S 

251 

—  of  Si:615  meV  centre 

327 

—  of  transition  metal  acceptor  pairs  in  silicon 
Mossbauer  spectroscopy 

137, 155 

—  of  GaAsrIn 

1003 

—  ofSi:H.D,  Si;H-Sb 

99 

—  of  Si:Sb 

273 

—  review 
muonium 

1081 

—  in  CuCl 

569 

—  in  GaAs 

569, 1115, 1121 

—  in  Ge 

1115 

—  in  InP 

1121 

—  in  Si 

1115, 1121 

—  level  crossing 

1115 

—  radiofrequency  resonance 
negative  U  ‘ 

1115 

—  of  AlGaAs;Sn  -H  DX 

799 

—  of  GaAsrAu  adatoms 

1397 

—  of  GaAs:0« 

neglect  of  differential  overlaps 

369,  377,  389 

—  of  AlGaAs;Si 
neutron  activation  analysis 

1015 

—  of  Au  in  a-Si 
nitrogen 

203 

—  in  C 

457, 463, 1219 

~  in  GaP 

505 

—  in  Ge 

463 

—  in  Si 

263,463 

—  in  SiC  1141, 

1171, 1183, 1195 
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nuclear  magnetic  resonance 
—  of  amorphous  Si 

1 

—  «rf  GaAs 

971 

—  of  Si:B 

269 

optically  detected  cyctron  resonance 
—  of  InP'.Er 

683 

—  oflnPiYb 

683 

optically  detected  dectron-nuclear  resonance 
—  irf  GaP:Pcf«*Yp  (Y  unknown) 

935 

—  of  InP:antiutes 

905 

optically  detected  magnetic  resonance 
—  of  AlAs 

775 

—  of  AlGaAs 

775 

—  of  AlGaAsrSn  +  DX 

835 

—  of  Cdl^:A  centres 

1235 

—  of  GaAs:As<;« 

887 

—  ofGaP:Mn 

713 

—  ofGaP:V 

713 

—  of  InP:antisites 

995 

—  of  Si:A  centre 

357 

—  of  Si:S 

251 

—  of  SiCtacceptors 

1207 

optical  nudear  polarisation 
—  Si:Au 

1135 

—  ofSiC:N 

1141 

out-diffusion  of  0  from  Si  substrates 

1069 

oxidalion  induced  stadung  faults 

1457, 1463 

oxygen  in  C 

1219 

oxygen  in  GaAs 
—  bond-orbital  calculations 

389 

—  impurity  complexes 

m 

—  sutetitutional 

369,  377 

oxygen  in  germanium 
—  vibratimis  in  ’*Ge 

425 

mtygen  in  rilicon 
—  enhanced  diffusion  from  H 

87 

—  epitaxial  growth 

1069 

—  Ge-0  comidexes 

419 

—  magnetic  CZ 

1075 

—  nitrogen  complexes 

263 

—  positron  annhilation 

413 

—  predpitatiMi 

1327,  1451, 1475 

■—  surfiM  contanunation 

1381 

—  1/f  noise 

1519 

P  in  Si]-cG*c 

1303 

P^  coitrcs 

—  M  Si/SiOj  interface 

1415, 1421, 1427 

—  in  SiGe 

1493 

pasdmtimi 
—  of  Si  solar  cdls 

1531 

—  see  hydrofta  in  Si  etc. 
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perturbed  angular  correlation 


—  in  Ge 

1109 

—  of  Cd  in  III-V’s 

593,  1481 

—  of  In  in  III-V’s 

1481 

—  of  Li  in  II- Vi’s 

1259 

—  of  Si:H-Cd 

IS 

—  of  Si:H-In 

15 

—  review 

inRi 

photoconductivity 

—  of  AlGaAsiAl  diolis 

1545 

—  of  AlGaAs:Si  +  DX 

799,  829,  823 

—  of  AlGaAsiSn  +  DX 

835 

—  of  GaA8:EL2 

photoluminescence 

—  of  AlGaAs  grown  by  MOMBE 

1057 

—  of  AlGaA8:Sioa-SiA, 

1015 

of  AlGaAs/GaAs  heterostructures 

1063,  1363, 1375 

—  of  bound  excitons  in  II-VI’s 

1241 

—  of  C:N 

1219 

—  of  C:Ni 

1219 

—  of  C:0 

1219 

—  of  GaAs:DX 

763 

—  of  GaAs:EL2 

893 

—  of  GaAs:Er 

665,  671 

—  of  GaAs:F 

1009 

—  of  GaAs:H  complexes 

599 

—  of  GaAs:Li 

985 

—  of  GaAs:Siott-SiA, 

953 

—  of  GaP:Mn 

713 

—  of  GaP:V 

713 

—  of  GaP:Zn  -f-  H 

575 

—  of  GaSb  +  H 

623 

—  of  InAs  -1-  H 

629 

—  of  InA8P:Yb 

689 

—  of  Si:Cu 

191 

—  of  Si:di8locations 

1309, 1315,  1321,  1327 

—  of  Si:Er 

653 

—  of  Si  in  TD  formation 

407 

—  of  Si  -  reactive  ion  etched 

1433, 1445 

—  of  SiC:N-Al 

1195 

-  of  SiC:V 

1213 

—  of  ZnS:W 

1247 

—  polarised 

1127 

—  quenching  in  III-V:rare  earth 

641 

photorefractivc  effect  in  GaAs/ AlGaAs 

1357 

positron  annihilation 

-  in  CZ-Si 

413 

— ■  in  GaAs:EL2 

923 

—  in  GaAs  +  radiation 

979 

—  in  InP 

1021 
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radiation  damage 

—  of  Ge 

309 

—  of  Si 

303,  306,  315 

—  of  Si;P 

333,  339 

—  production  rate  in  Si 

321 

rapid  thermal  annealing 

1609 

rare  earth  impurities 

—  GaAsiEr 

641,665,  671 

—  GaP:Nd 

641 

—  InAsPiYb 

689 

—  InP:Er 

677,  683 

—  InP:Yb 

641,  677,  683 

—  Si:Er 

653 

—  theory 

659 

reactive  ion  etching 

—  of  GaAs/AlGaAs 

1439 

—  of  Si 

1433, 1445 

relaxation  rates  of  nmr  in  GaAs 

971 

resonance  ionization  mass  spectrospcopy 

—  of  GaAs/AlGaAs:Be 

1557 

rigid  rotator  model  of  Si:D-Be,  Si:H-Be 

69 

Rutherford  backscattering 

—  of  Au  in  a-Si 

203 

—  of  EFG  Si 

291 

—  of  Si:Ar'^  implanted 

1487 

S-Ga  surface  bonds  on  GaAs 

1403 

scanning  infra-red  microscopy  of  Si:0 

1475 

scanning  tunneling  microscopy 

—  of  GaAs 

1177 

—  of  semiconductor  surfaces 

1381 

Schottky  barriers 

—  AlGaAs:Al  diodes 

1545 

—  effect  of  e-beam  evaporation 

1499 

—  effect  of  H 

587 

—  on  InP 

1569 

Se  in  Si 

505 

self-diffusion  in  Si 

433 

Si  in  InAs,  InSb 

1027 

Sioa-Si^f  in  GaAs 

953 

Sii_j.Ge,  epitaxial  layers 

—  dopant  diffusion 

1303 

—  strsun  relief 

1271 

SIMS  measurements 

—  of  AlGaAs  grown  by  MOMBE 

1057 

—  of  D  in  III-V’s 

617,  629 

—  of  electron-beam  doped  semiconductors 

1503 

—  of  InPiCu 

719 

solar  cells 

1531, 1539 

spin  marking 

—  of  Sirinterstitial 

361 

spreading  resistance  of  ion  etched  Si 

1433 
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Steibler-Wronski  effect 

481 

stress-induced  dichroism 
—  of  Si:Ni“ 

233 

—  of  Si:0 

87 

—  of  Si:Pd- 

233 

superlattices 

1339  et  seq. 

telegraph  noise 

1519 

thermal  annealing 
—  of  GaAs 

997, 1051, 1481 

—  of  GaAsiIn 

1003 

—  of  InP 

1481 

thermal  donors  in  silicon 
—  formation  in  Si:B,  Si:Al 

407 

—  semi-empirical  calctdations 

395 

—  stress-induced  alignment 

401 

—  under  H  plasma 

105 

thermally  stimulated  current  spectroscopy 

—  of  GaAs 

991 

tight  binding  approximation 
—  of  CdTeunterstitials 

1253 

—  of  GaAs:Au 

1397 

T1  in  GaAs 

959 

transition  metals  in  C 

1219 

transition  metals  in  GaAs 
—  Fe 

695,  729 

—  Mn 

701 

transition  metals  in  GaAsP 
—  Cu 

707 

—  Mn 

707 

transition  metals  in  GaP 
—  Fe 

719 

—  Mn 

701,  713 

transition  metals  in  InP 
—  Cu 

723 

—  Fe 

729 

transition  metals  in  Si 
—  Au 

215 

—  Cd-Fe 

1097 

—  Cr-In 

137 

—  Cu 

185,  191,  1159 

—  Cu  and  ‘X’  defect 

167 

—  Cu  effect  on  internal  gettering 

1475 

—  Cu  in  Al-doped 

167 

—  Cu  in  B-doped 

161, 167 

—  Cu  in  Ga-doped 

161, 167 

—  Cu  in  In-doped 

167 

—  Cu-radiation  damage  complexes 

179 

—  dislocation  effects 

1309, 1315,  1321 

—  Fe 

125, 173, 185,  227, 1159 

—  Fe-Al 

143, 149, 155 

—  Fe.-Al, 

149 
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—  Fe-Au 

—  Fe-B 

—  Fe-Ga 

—  Fe-In 

—  gettering 

—  Mn 

—  Mn-Ga 

—  Mo 

—  neutron  activation  analysis 

—  Ni" 

—  Ni  effect  on  internal  gettering 

—  perturbed  angular  correlation 

—  Pd- 

—  Pt-‘X’  formation 

—  surface  contamination 

—  Ti 

—  V 

—  w 

—  ‘X’  defect 

—  Zn 

transition  metals  in  SiC 

—  Ti 

—  V 

transmission  electron  microscopy 

—  of  AlGaAs/GaAs  heterostructures 

—  of  dislocations  in  Si 

—  of  GaAs  low  temperature  growth 

—  of  Ino.s4Gao,46As 

—  of  InP:Cu 

—  of  InP:  rapid  thermal  annealed 

—  of  irradiated  Ge 

—  of  irradiated  Si 

—  of  Sii_*Ge,  layers 

—  of  Si  oxide  precipitates 
Two-dimensional  electron  mobility 

—  of  Ino.54Gao.4eAs 
uniaxial  stress  perturbations 

—  of  AlGaA8:Te  -t-  DX 

—  of  GaAs:EL2 

—  of  GaAs:H-C 

—  of  Si-Au 

—  of  Si-Be 

—  of  Si:Cu 

—  of  Si:Zn 

—  of  Si:615  meV  line 
vacancies  in  InP 
vacancies  in  Si 

V-0  centre  in  Si  —  see  ‘A  centre’ 

Xa  calculations 

—  on  GaAsPiCu 

—  on  GaAsP:Mn 
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—  on  Si:Fe4 

—  on  Si:Fe-acceptors 

—  on  Si:Mn4 
X-ray  diffraction 


—  of  GaAs  irradiated 

947 

—  of  magnetic  CZ  Si 

1075 

X-ray  spectroscopy  of  Sittransition  metals 

1159 

Zeeman  effect 

—  of  GaAs:EL2 

893 

—  of  SiC:V 

1213 

Zn  doped  GaAs 

-  +  U 

985 

- 1-  radiation 

965 

Zn  doped  GaAs/AlGaAs 

1351 

II- VI  compounds 

1225  et  seq. 

